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1. INTRODUCTION 
Among the huge diversity of organisms that inhabit marine environments, microbial 
plankton stands out for their deep influence on biogeochemical cycles of the ocean and 
their role in the transfer of matter and energy through the pelagic food web (Sherr & 
Sherr 2000). In particular, the size structure and composition of the microbial plankton 
community affect the functioning of the pelagic food web, determining the pathway in 
which carbon is transferred through the ecosystem. Carbon fixed by primary producers 
can be recycled in surface layers, transferred to higher trophic levels or vertically 
exported to the deep ocean (Legendre & Le Fèvre 1989). To date, in the Rías Baixas 
(NW Spain), there is no exhaustive characterization of microbial plankton community 
that simultaneously analyses their structure and composition in relation to environmental 
conditions on a seasonal scale. While such a characterization is needed for its own sake, 
it is even more important considering the intensive mussel farming in the Rías and that 
previous works suggested that this activity significantly alters the pelagic food web in the 
area (Tenore et al. 1982). In this context, the present thesis aims to analyze the influence 
of mussel culture on the size structure and composition of the microbial plankton 
community and the ensuing effects on primary production, metabolic balance and 
vertical export of biogenic particles in the Ría de Vigo (NW Spain). Results derived from 
this work provide new information about the role played by mussel culture on this 
coastal upwelling embayment.  
1.1. Microbial plankton community 
Plankton community comprises all free-floating organisms in the water (mainly 
microscopic) with very weak or no motion capability. Plankton can be classified 
according to their cellular organization as prokaryotes (individuals without a distinct 
nucleus) and eukaryotes (individuals with a defined nucleus in which genetic material is 
organized into membranes). On the other hand, following the scale proposed by Sieburth 
et al. (1978), planktonic organisms can be classified into seven size fractions (Fig. 1.1): 
femtoplankton (0.02 – 0.2 µm), picoplankton (0.2 – 2 µm), nanoplankton (2 – 20  µm), 
Chapter 1 
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microplankton (20 – 200 µm), mesoplankton (0.2 – 20 mm), macroplankton (2 – 20 cm) 
and megaplankton (> 20 cm). The range of variability extends from virus, with size 
smaller than 0.2 µm, to jellyfish which can reach over a meter in length. Additionally, 
depending on the mode of nutrition, planktonic organisms are classified as autotrophs 
(those with photosynthetic pigments) and heterotrophs (those using organic compounds 
for their metabolism). Besides these two groups, today a third category of organisms is 
distinguished, mixotrophs (Stoecker 1998), that is, those organisms that combine both 
nutrition strategies. Mixotrophs can be considered simultaneously as primary and 
secondary producers (Flynn et al. 2012) and their importance is increasingly recognized.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Classification of plankton components by size. (Redrawn from Sieburth et 
al. 1978). 
 
                                                                                                                                                  Introduction  9 
 
9 
 
This thesis focuses on the study of those microorganisms included in the microbial 
plankton that belong to pico-, nano- and microplankton size fractions, considering their 
different constituents (Fig. 1.2, 1.3).  
 
 
 
 
 
 
 
 
 
Within picoplankton, we distinguish heterotrophic bacteria and autotrophic 
cyanobacteria (Prochlorococcus and Synechococcus), all of them being prokaryotes. 
Also, eukaryotic picoflagellates, both autotrophic and heterotrophic are included within 
this group. The major constituents of nanoplankton are nanoflagellates, both autotrophic 
and heterotrophic, though small diatoms, dinoflagellates and ciliates (< 20 µm) are 
within this size fraction as well. Diatoms, dinoflagellates and ciliates > 20 µm are the 
main components of microplankton. Likewise, those chain-forming diatoms < 20 µm are 
included in this group, because although single cells are nanoplankton, diatom chains can 
be considered microplankton in trophic terms. While it is true that diatoms are 
autotrophic, it is increasingly evident that mixotrophic behavior is quite common among 
nanoflagellates, dinoflagellates and ciliates (Stoecker et al. 1988, Flynn et al. 2012). 
Figure 1.2. Classification of microbial plankton components by size and feeding 
behaviour (autotrophs vs. heterotrophs). APP: autotrophic picoplankton, HPP: 
heterotrophic picoplankton, ANP: autotrophic nanoplankton, HNP: heterotrophic 
nanoplankton, AMP: autotrophic microplankton, HMP: heterotrophic microplankton, 
APF: autotrophic picoflagellates, HPF: heterotrophic picoflagellates, ANF: autotrophic 
nanoflagellates, HNF: heterotrophic nanoflagellates. 
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Figure 1.3. Several microbial plankton organisms. (a) Bacterias, (b) Chaetoceros 
decipiens, (c) Noctiluca scintillans, (d) HPP and ANP, (e) Gymnodinium sp., (f) centric 
diatoms, (g) Skeletonema cf. costatum, (h) Dinophysis caudata, i) Protoperidinium 
diabolus, (j) Asterionellopsis glacialis, (k) Protoperidinium conicum (left) and Ceratium 
furca (right), (l) Flagellates, (m) Coscinodiscus wailesii., (n) Noctiluca scintillans, (o) 
Ciliate, (p) Ceratium tripos, (q) Chaetoceros curvisetus, (r) Leptocylindrus danicus. 
Images collected with epi-fluorescence microscope (a-l) and inverted microscope (m-r). 
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The view of the role played by planktonic microorganisms in marine ecosystems has 
been evolving since the first studies on the subject. The classical model of pelagic food 
web is quite simple (Fig. 1.4). It starts with primary producers (e.g. diatoms) which are 
responsible for fixing organic carbon trough photosynthesis and constitutes the first step 
in the trophic pyramid. Then, zooplankton (e.g. copepods) in the next step is responsible 
for transferring the carbon fixed by phytoplankton to higher trophic levels (e.g. fish). In 
this model, the role of bacteria is confined to degradation of organic matter lost in the 
main route, without significant interference in the flow of matter and energy through the 
ecosystem. However, the advance in the knowledge of pelagic food webs gave greater 
relevance to small planktonic organisms, highlighting that part of the flow of matter an 
energy fixed by primary producers is diverted off the classical food chain to the 
microbial food web (Pomeroy 1974). Thus, the pelagic food web increased in complexity 
by adding the ‘microbial loop’ compartment (Azam et al. 1983), which offers an 
alternative path for matter and energy through bacteria and protists (mostly flagellates 
and ciliates) that would connect with the classical food web through zooplankton (Fig. 
1.4). Progress in knowledge of marine microorganisms indicates that marine food webs 
are more complex than was firstly thought, and recognizes the important and sometimes 
dominant role of microbial plankton in the cycle of matter and energy in the oceans 
(Fenchel 1988). 
The surface layer of the ocean constitutes the habitat where autotrophic microbial 
plankton perform photosynthesis, providing matter and energy that support most of the 
marine food webs. For growth, in addition to CO2, photosynthetic organisms need light 
and nutrients. However, there is a vertical segregation of these two elements in the ocean. 
Light is always in the surface layers while the availability of nutrients in marine 
environments are very uneven (Fig. 1.5). There are regions in the ocean where water 
column is strongly stratified with very low nutrient concentrations in the photic layer. In 
these places, usually far from the coast, the smallest phytoplankton has competitive 
advantage due to its higher surface to volume ratio, which allows a greater efficiency in 
the uptake of the few nutrients available (Malone 1980). When small organisms are 
dominant, the  ‘microbial loop’  and the remineralization of the photosynthesized organic  
Chapter 1 
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matter are favored (Pomeroy 1974, Azam et al. 1983). By contrast, in coastal regions 
with well mixed water and high nutrient input, diatoms are favored because they are able 
to assimilate large amounts of nutrients and respond quickly with high growth rates. The 
fact that environmental conditions characterized by high nutrient concentrations select 
large organisms as dominant within the microbial community implies the development of 
a short food web (Cushing 1989). In this short food web, a portion of the organic carbon 
fixed by phytoplankton will be available to be transfer to higher trophic levels or to be 
exported outside the system (Eppley & Peterson 1979, Wassmann 1990). However, it is 
important to realize that these two structures of the microbial plankton community that 
characterize the oligotrophic seas (‘microbial loop’) and eutrophic coastal regions 
(classical food chain), actually define two ends of a continuum of multiple situations 
found in the ocean (Legendre & Rassoulzadegan 1995). 
Figure 1.4. Simplified diagram of trophic interactions within the pelagic food web, 
which is separated into classical food chain (above) and microbial loop (bellow). DOC: 
dissolved organic carbon. 
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Traditionally, it has been considered that in coastal upwelling systems, where nutrient 
inputs are high, diatom and therefore the short food web dominate (Lassiter et al. 2006). 
However, these are extremely dynamic systems, with upwelling, relaxation and 
downwelling events continuously succeeding in response to variability in environmental 
conditions, and this environmental variability determine the structure of the existing 
microbial community (Varela et al. 1991, Iriarte & González 2004, Sherr et al. 2005, 
Böttjer & Morales 2007, Espinoza-González et al. 2012). In these systems, variability is 
not limited to temporal dimension; spatial heterogeneity is also significant (Chavez et al. 
1991, Castro et al. 1997, Tilstone et al. 2003, Crespo et al. 2011). Singularities on the 
coast, such as bays and capes that can produce eddies and fronts that intensify or weaken 
the upwelling, create multiple environments in which different microbial communities 
develop, making some areas more productive than others. A deeper understanding of 
Figure 1.5. Average annual chlorophyll a distribution (mg/m
3
) observed  in surface 
waters in the global ocean. Data from SeaWiFS project. (http://oceancolor.gsfc.nasa.gov) 
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how microbial plankton community responds to this variability becomes essential to 
improve our knowledge of the functioning of these so productive marine ecosystems.  
1.2. Effect of mussel culture on microbial plankton community 
According to FAO’s latest report (2014), fisheries and aquaculture jointly produced 
136 millions of tons of food intended for human consumption in 2012 with a world 
population of 7.100 millions of people. Considering that United Nations foresees a 
continuous increase in population during the coming decades until reaching 9.600 
millions of people by 2050, about 48 million additional tons of aquatic food will be 
required to maintain the current per capita consumption. Fishing pressure in the world 
has not stopped, though the amount of catches from fisheries has remained stable since 
the 80’s as a result of the loss of fishing grounds (Fig. 1.6). By contrast, aquaculture 
increased at an annual average rate of 6 % over the past decade, and faces the challenge 
of meeting the growing global demand for marine products, positioning itself as the food 
production sector with the greatest potential for development nowadays. Obviously, this 
increase is noticeable in the mussel industry that continues expanding worldwide and 
whose sustainability depends on the knowledge of the impact of mussel culture on the 
ecosystem (Smaal 1991). 
 
 
 
 
 
 
Figure 1.6. World total capture fisheries and aquaculture production. FAO 2014.  
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Mussels are filter feeders that consume phytoplankton and other organic and 
inorganic particles suspended in the water column (seston). A portion of this food 
ingested is utilized for metabolism and growth (Navarro & Iglesias 1993, Kreeger & 
Newell 2001), while the rest is discarded in the form of dissolved ammonium and 
digested (feces) or undigested (pseudofeces) biodeposits (Dame 1993, Prins et al. 1997, 
Newell 2004, Cranford et al. 2007, Jansen et al. 2012). As mussel farming depends 
entirely on natural food availability, variability in the amount and quality of seston as a 
result of changes in environmental conditions may affect mussel feeding behavior 
inducing changes in their physiological rates (Bayne et al. 1993, Cranford & Hill 1999, 
Kreeger & Newell 2001). Simultaneously, mussel feeding behavior can generate a 
number of effects on the environment that several authors have related to food web and 
nutrient cycle alterations in those coastal areas where these filter feeders are abundant 
(Reviewed by Prins et al. 1997, Newell 2004). 
When cultivated at high densities, the high filtration capacity of mussels can induce a 
decline in phytoplankton biomass in the water column where mussels grow. Depletion 
studies in mussel farming areas show that between 10 and 80 % of phytoplankton is 
removed (Blanco et al. 1996, Boyd & Heasman 1998, Heasman et al. 1998, Ogilvie et al. 
2000, Strohmeier et al. 2008, Gibbs 2007, Petersen et al. 2008, Cranford et al. 2014). 
Zooplankton is also removed (Maar et al. 2008, Jonsson et al. 2009). At the same time, 
several studies indicate that phytoplankton depletion is accompanied by a change in the 
size structure of the microbial plankton community, favoring the prevalence of small 
cells since retention efficiency of mussels decrease for particle size < 3 µm (Ward & 
Shumway 2004). In fact, size selective grazing of bivalves is cited as responsible for the 
high abundance of picoplankton (< 2 µm) in Thau Lagoon, France (Courties et al. 1994, 
Vaquer et al. 1996, Dupuy et al. 2000, Souchu et al. 2001), in landlocked ponds in 
Norway (Klaveness 1990) and in many estuaries in Canada, Italia and Holland (Cranford 
et al. 2008, Caroppo 2000, Smaal et al. 2013). It must be noted that when mussels are 
cultivated on a large scale, the sustainability of the culture can be compromised when 
phytoplankton is consumed faster than it can be replenished (Cranford et al. 2008).  
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Simultaneously to this top-down control (Prins et al. 1997), mussels can stimulate 
primary production in the farming area by increasing light availability in the water 
column by filtering particles and supplying dissolved ammonium by excretion (Newell 
2004). Specifically, by evading mussel consumption, small cells would be the main 
beneficiaries of this like bottom-up effect. Therefore, it is expected that intensive mussel 
farming provides a competitive advantage to small phytoplankton that would also 
contribute to explain picoplankton dominance under those conditions in which bivalve 
exert a significant control over the phytoplankton community (Riemann et al. 1989, 
Olsson et al. 1992, Granéli et al. 1993). In this regard, mussel culture could have a strong 
impact on the metabolic balance of the system, since there is a strong connection 
between the size distribution of primary producers and the trophic status of the pelagic 
ecosystem (Smith & Kemp 2001, Cermeño et al. 2006, Arbones et al. 2008).  
Mussels not only accelerate nutrients cycling by removing particulate matter and 
releasing dissolved ammonium to water column, they also generate a high amount of 
biodeposits that rapidly settle to the seabed (Kautsky & Evans 1987), altering the matter 
and energy transfer from the surface of water column to the sediment (Cranford et al. 
2006, Mckindsey et al. 2011). Thus, mussels divert part of the primary production and 
energy to the benthic food web (Dame 1996, Cranford et al. 2003) favoring the benthic-
pelagic coupling (Alonso-Pérez et al. 2010). Likewise, biodeposits increase natural 
sedimentation in the farming area (Dahlbäck & Gunnarsson 1981), being responsible for 
the potential enrichment in organic matter of the sediments (Callier et al. 2006, Giles et 
al. 2006, Cranford et al. 2009). This might be related to the alteration of the sedimentary 
environment and the structure of the benthic communities that is generally recorded at 
the mussel farming areas (López-Jamar 1978, Tenore et al. 1982, Macías et al. 1991, 
García-Gil 2003, León et al. 2004, Otero et al. 2006). Besides biodeposits, sedimentation 
of living cells of phytoplankton may become an important component of organic matter 
supplied to the seabed (Fowler & Knauer 1986, Turner 2015), but until now the effect of 
mussel farming on the magnitude and composition of the phytoplankton carbon flux 
remains unknown.  
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In short, the preceding paragraphs highlight the importance of mussels as key agents 
in the ecosystem functioning (Dame 1996). Consequently, it is imperative to elucidate 
the complex interactions between mussels and their natural food source, the microbial 
plankton, to ensure a sustainable cultivation that causes the least possible impact on the 
environment. 
1.3. Upwelling and mussel culture in Galicia 
The west coast of Galicia (NW Iberia) is located at the northern boundary of the NW 
African coastal upwelling region (Fig. 1.7a). In this area, northerly winds, favorable to 
upwelling, dominate form March to October. On the contrary, during winter months 
southerly winds, favorable to downwelling, prevail (Fig. 1.7b). In addition to this 
seasonality, short-term variability in wind direction and intensity makes common the 
succession of upwelling, relaxation and downwelling events within the same period 
(Figueiras et al. 2002).  
 
 
 
 
 
 
 
 
 
Figure 1.7. (a) Northwest African upwelling region (Arístegui et al. 2009), (b) 
seasonal cycle of the upwelling index. This seasonal cycle is defined by the 1
st
 and 2
nd
 
harmonics of the annual period extracted from the daily time series of the upwelling index 
for the period 1987-1995; average seasonal cycle: solid line; average for the single years: 
dotted line. Redrawn from Figueiras et al. (2002). 
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Nowadays, it is known that in response to this environmental variability (seasonal and 
short-term), a succession of changes in the structure and composition of microbial 
plankton community occurs, mainly characterized by a greater importance of small 
organisms during phases of downwelling and relaxation, and by microplankton during 
upwelling events (Varela et al. 1991, Crespo et al. 2011, Espinoza-González et al. 2012).  
 
 
 
 
 
 
 
 
 
 
 
There is an additional feature on the Galician coast that is relevant for upwelling-
downwelling processes. The coastline in the West Atlantic margin is indented by coastal 
inlets known as Rías Baixas; four V-shaped embayments oriented NE/SW that exchange 
water with the adjacent shelf (Fig.1.8). Regarding their circulation pattern, the Rías 
function as partially mixed estuaries. The topography, shallower and narrower inward 
and the estuarine-like circulation intensify upwelling and downwelling inside the Rías. 
Figure 1.8. Western Galician coast (NW Spain). From north to south, the Rías 
Baixas: Ría de Muros, Ría de Arousa, Ría de Pontevedra and Ría de Vigo. 
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Under upwelling conditions, upwelled water from the continental shelf enters through the 
bottom and reinforces the positive circulation with surface outflow (Fig. 1.9a). This 
upwelled water brings nutrients to the Rías. Conversely, coastal downwelling causes a 
negative like circulation (Fig. 1.9b), characterized by the intrusion of surface water from 
the adjacent shelf, relatively poor in nutrients, in the Rías interior which finally flows 
towards the ocean through the bottom (Figueiras et al. 1994). 
 
 
 
 
 
 
 
It can be said that the uniqueness of the Rías with their associated circulation, is the 
main source of temporal and spatial variability for plankton in this region. Nevertheless, 
the trophic and size structure of the microbial plankton community as a whole, has not 
received much attention. Studies to date, merely describes the composition and dynamics 
of microplankton (Figueiras et al. 1994, Fermín et al. 1996, Tilstone et al. 2003) or are 
restricted to the study of phytoplankton size structure indirectly addressed through 
chlorophyll fractionation (Cermeño et al. 2006, Arbones et al. 2008). Therefore, there is 
no exhaustive characterization of the microbial plankton community in the Rías Baixas, 
including autotrophs, heterotrophs and size-fractionation based on the biomass provided 
by each of its members. This characterization is especially important given the intensive 
mussel culture of the Rías. Indeed, several studies highlight the important role of the 
microbial plankton community on mussel growth in the Galician Rías (Tenore & 
Figure 1.9. Circulation pattern of the Rías: (a) positive and (b) negative. Image 
modified from ‘A ciencia do mexillón’, Divulgamar, (CSIC). 
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González 1975, Cabanas et al. 1979, Tenore et al. 1982, Petersen et al. 2008, Maar et al. 
2008). In this respect, the high mussel production in the Rías is directly related to 
phytoplankton response to nutrients supplied by the seasonal upwelling, responsible for 
the high primary production that provides food of high-quality and in turn improves the 
absorption efficiency of Mytilus galloprovincialis Lmk (Figueiras et al. 2002). 
The mussel Mytilus galloprovincialis (Lamarck 1819) (Fig. 1.10a) has been cultivated 
in Galicia for 70 years. The first mussel raft was installed in the Ría de Arousa in 1946 
and since then, this culture quickly expanded in the Galician Rías. There are now a total 
of 3.337 mussel rafts, 478 of them in the Ría de Vigo, and the mussel production in 
Galicia has stabilized at around 250.000 tons per year (Labarta et al. 2004). The Rías 
Baixas is the European region with the highest mussel production and is the second in 
the world, behind China. Mussel industry is, therefore, an important social and economic 
activity for Galician coastal communities in which it takes place, generating 9.000 direct 
and about 20.000 indirect jobs (Labarta 2000). 
Cultivation begins harvesting mussel seed from the natural environment, mainly 
collecting seed attached to rocks on the coast. Then, the seed is relocated on rafts where 
mussels grow. Mussel rafts are of 500 m
2
 and from its wooden structure 500 hanging 
ropes 12 m long are attached with mussels (Fig. 1.10b). With this method mussels are 
less exposed to predators and are always submerged, which allows them to feed without 
interruption. Thus, mussels grow fast and are able to reach the commercial size (70 to 95 
mm) within a relatively short period of time (9 - 18 moths) compared to other regions in 
the world (Pérez-Camacho et al. 2013, Labarta pers. comm.). 
Although studies conducted to date in the Galician Rías have shown that mussel culture 
significantly alters the food web of the ecosystem (Tenore & González 1975, Cabanas et 
al. 1979, Tenore et al. 1982, Petersen et al. 2008, Maar et al. 2008) and increases total 
sedimentation rates under mussel rafts (Cabanas et al. 1979; Tenore et al. 1982; Alonso-
Pérez et al. 2010, Zúñiga et al. 2014), there have been no studies focused on analyzing 
the impact of mussel culture on the microbial plankton community.  
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Figure 1.10. (a) Mytilus galloprovincialis Lmk. (b) Underwater view of a 
mussel raft with hanging ropes loaded with mussels. (Photos: David Villegas Ríos) 
a 
b 
Chapter 1 
 
22 
 
2. OBJECTIVES 
Considering the limited knowledge of the influence of mussel culture on the 
microbial plankton community and also on different aspects of the biogeochemistry of 
the water column in the Rías Baixas, the objectives of this thesis are: 
1. Assess the effect of the quality of the organic content of the seston on the feeding 
activity of Mytilus galloprovincialis Lmk (Chapter 2).  
2. Analyze the impact of mussel farming on the biogeochemistry of the water 
column in the Ría de Vigo (Chapter 2). 
3. Characterize the structure and composition of the microbial plankton community 
of the Ría de Vigo in relation to the hydrographic conditions recorded during 4 
seasonal periods: autumn, winter, spring and summer (Chapter 3). 
4. Analyze the impact of mussel culture on the structure and composition of the 
microbial plankton community in the Ría de Vigo for each seasonal period 
(Chapter 3). 
5. Assess to what extent intensive mussel culture may alter the size distribution of 
primary production and modify the metabolic balance in the Ría de Vigo 
(Chapter 4). 
6. Evaluate mussel culture influence on phytoplankton sedimentation in the Ría de 
Vigo (Chapter 5). 
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Chapter 2 
Feedback between physiological activity of 
Mytilus galloprovincialis and 
biogeochemistry of the water column 
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ABSTRACT 
We investigated the filter-feeding behavior of individual Mytilus galloprovincialis 
Lmk in the Ría de Vigo (Galicia, northwest Iberian Peninsula) in order to assess changes 
in water column biogeochemistry due to mussel culture and the effect of seston organic 
content on mussel physiological rates. The study was carried out during 1 year under 
different oceanographic scenarios by comparing data from a station located in a raft area 
(RaS) and from a reference site (ReS) with no direct effects of rafting culture activities. 
Results showed differences between stations in water column nutrient contents, mainly in 
ammonium levels, with a mean annual excess of 40 % at RaS due to mussel feeding 
activities. We also observed a pronounced deficit of particulate matter at RaS, both in 
terms of chlorophyll a (chl a, -33 %) and microbial plankton carbon (-34 %), reflecting 
preferential grazing of mussels on living plankton carbon. Our investigation of the seston 
organic compound revealed that feeding and digestion of M. galloprovincialis are highly 
dependent on the quality of the organic composition of the available food. Mussel 
organic ingestion rate and absorption efficiency were more strongly correlated with 
microbial plankton carbon contents than with particulate organic carbon and chl a, 
illustrating the importance of considering not only autotrophic but also heterotrophic 
microbial plankton carbon as high-quality food for mussels in the Ría de Vigo. 
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1. INTRODUCTION 
The Galician Rías Baixas are 4 coastal embayments located along                                           
the northern boundary of the NW African upwelling system (42º to 43º N). From March-
April to September-October, prevailing northerly winds cause the upwelling of nutrient-
rich subsurface Eastern North Atlantic Central Water (ENACW) on the shelf and inside 
the Rías. The interaction between coastal upwelling and circulation patterns in the Rías 
promotes a massive response in the productivity of phytoplankton populations, 
supporting a mean annual primary production of 912 g C m
-2
 yr
-1 
(Tilstone et al. 1999, 
Cermeño et al. 2006, Arbones et al. 2008). These primary production rates are in the 
upper range of highly productive systems where bivalve production constitutes an 
important economic activity, for example the Norwegian fjords (100 g C m
-2
 yr
-1
; Erga 
1989, Aure et al. 2007), the Oosterschelde estuary in the Netherlands (300 g C m
-2
 yr
-1
; 
Smaal et al. 2001) or the Thau lagoon in France (400 g C m
-2
 yr
-1
; Plus et al. 2006), and 
enable the Rías to support the highest mussel production in Europe, with a total 
estimated production of 250 × 10
6
 kg 
 
yr
-1 
of edible mussels. 
Several studies revealed that feeding activity of bivalve filter feeders may alter the 
trophic network and nutrient cycling in marine ecosystems (see reviews by Prins et al. 
1997, Newell 2004). The major pathway in which mussels interact with coastal nutrient 
cycling are principally due to (1) their huge capacity to clear particles (including 
phytoplankton, zooplankton and detritus) from the surrounding waters to obtain nutrient 
requirements for growth (Navarro & Iglesias 1993, Kreeger & Newell 2001) and (2) the 
excretion of metabolic wastes that transfer particles to the sea floor as feces and 
pseudofeces (Dame 1993, Prins et al. 1997, Newell 2004, Cranford et al. 2007, Jansen et 
al. 2012). These processes show seasonal variability, reflecting environmental 
fluctuations in temperature, food supply and endogenous metabolic requirements of the 
mussels, such as gametogenesis and somatic growth (Smaal & Vonck 1997, Cranford & 
Hill 1999).  
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For the Galician Rías Baixas, Tenore et al. (1982) state that the introduction of this 
aquaculture system has altered the trophic chain of the ecosystem, diverting primary 
production and energy flow from planktonic to benthic food webs. In later years, in situ 
experiments have studied the culture of Mytilus galloprovincialis in relation to seston 
variables (quantity and quality) and chlorophyll in the Rías Baixas. Figueiras et al. 
(2002) suggested that the phytoplankton response to upwelling provides high-quality 
food, enhancing absorption efficiency (AE) of M. galloprovincialis (~ 0.6). They 
estimated that mussel harvest in the Ría de Arousa extracts the equivalent of ~ 10 % of 
primary production. Documenting food depletion in a mussel raft in the Ría de Vigo, 
Petersen et al. (2008) and Maar et al. (2008) emphasized the importance of physical 
forcing and phytoplankton composition for food availability, and stressed the relevance 
of including heterotrophic plankton in estimates of potential bivalve production. 
Unfortunately, except for Alonso-Pérez et al. (2010), no study has focused on the effect 
of mussel culture on the biogeochemistry of the water column in the Rías Baixas by 
comparing different sampling sites, an there is no study concerning the effect of different 
hydrographic and biogeochemical scenarios on mussel physiological response.  
In this framework, the aim of our work was to assess for the first time the interaction 
between the effect of the seston organic content on the feeding activity of Mytilus 
galloprovincialis, and the effect of mussel metabolism on water column biogeochemistry. 
Our study was based on a 1 year in situ experiment carried out in the Ría de Vigo by 
conducting seasonal campaigns at 2 stations, 1 inside a mussel raft and the other well 
outside of the mussel raft area.       
2. MATERIALS AND METHODS 
2.1. Study area 
The Ría de Vigo is 1 of 4 V-shaped embayments (Rías Baixas, northwest Iberian 
Peninsula) that gradually widens seawards and is partially enclosed by the Cíes Islands 
(Fig. 2.1). It reaches a maximum depth of 42 m along its central channel. Its main 
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tributary is the river Oitabén-Verdugo, which drains into the innermost part of the Ría 
with an average flow of 15 m
3 
s
-1
 (Nogueira et al. 1997).  
 
 
 
 
 
 
 
 
 
From March-April to September-October, the Rías Baixas (oriented in a NE-SW 
direction) are strongly influenced by prevailing northerly winds that cause the upwelling 
of nutrient-enriched ENACW. These upwelling pulses are responsible for the estuary-
like circulation of the water inside the Rías, favoring the outflow of freshwater at the sea 
surface and the inflow of water with high nutrient content along the bottom. In contrast, 
during winter, the persistence of southerly winds primarily favors downwelling 
conditions that promote a negative estuarine-like circulation with sea surface entrance of 
nutrient-poor oceanic waters in the Rías and a subsurface outflow. A total of 478 mussel 
rafts organized in several polygons, differing in size, are located inside the Ría de Vigo, 
Figure 2.1. Ría de Vigo. Location of the mussel rafts: black polygons. 
Position of the reference site (ReS): ( ). Raft sampling site (RaS, inside 
a polygon):  ( ). 
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occupying 5 % of its surface (Fig. 2.1). The average area of the rafts is 500 m
2
, with an 
average of 500 hanging ropes, each 12 m long (Labarta 2000). 
During 2007 and 2008 and in the framework of the RAFTING project, 2 stations 
located in the Ría de Vigo (Fig. 2.1) were monitored during 4 campaigns in the most 
representative oceanographic scenarios: (1) autumnal bloom (17 September to 4  
October), (2) winter mixing (28 January to 14 February), (3) spring bloom (14 April to 1 
May) and (4) summer upwelling (26 June to 14 July). One station was placed in a raft of 
a polygon located in the inner part of the Ría (raft station, RaS) and the reference station 
(ReS) was situated in the central channel of the Ría. ReS represented the hydrographic 
and biogeochemical conditions of the water column uninfluenced by mussel feeding. 
During every sampling period, hydrographic data (both sites) and physiological 
experiments with mussels (RaS only) were performed during 6 and 2 to 3 days, 
respectively. 
2.2. Physical and biogeochemical data 
Ekman transport (-Qx), an estimate of the volume of water upwelled per kilometer of 
coast, was calculated according to Bakun (1973): 
-Qx = − [(ρaC |V|)/(f ρsw)]VH             (1) 
where ρa is the density of the air (1.22 kg m
-3
) at 15 ºC, C is an empirical dimensionless 
drag coefficient (1.4 × 10
-3
), f is the Coriolis parameter (9.946 × 10
-5
) at 43º N, ρsw is the 
seawater density (1025 kg m
-3
), and |V| and VH are the average daily module and 
northerly component of the geostrophic winds centered at 43º N, 11º W, respectively. 
Average daily winds were estimated from atmospheric pressure charts. Positive values 
show the predominance of northern and easterly winds that induce upwelling processes 
inside the Ría. In contrast, negative values indicate the existence of downwelling 
processes. 
Chapter 2 
 
30 
 
We investigated the oceanographic characteristics of the water column at the 2 
sampling sites during 6 days in every sampling period by obtaining vertical profiles of 
temperature and salinity with a Seabird CTD-SBE911. Discrete water sampling at 
different depths (5, 10, 15, 20 m) for the determination of inorganic nutrients, dissolved 
oxygen (DO), dissolved organic carbon and nitrogen (DOC and DON, respectively), 
chlorophyll a (chl a), particulate organic carbon and nitrogen (POC and PON, 
respectively). Also, samples for microbial (pico-, nano-, and micro-) plankton counting 
were collected by using a rosette sampler with 10 l PVC Niskin bottles, attached to the 
CTD-SBE911. 
Inorganic nutrients were determined by segmented flow analysis with Alpkem 
autoanalyzers following Hansen & Grasshoff (1983) with some improvements as 
proposed by Mouriño & Fraga (1985). The analytical errors were ± 0.02 µM for nitrite 
and ± 0.05 µM for nitrate and ammonium. DO was determined by Winkler 
potentiometric titration. The estimated analytical error was ± 0.35 µM. 
Aliquots of the filtrate were taken for DOC and DON analyses. DOC and DON were 
measured simultaneously with a nitrogen-specific Antek 7020 nitric oxide 
chemiluminescence detector, coupled in series with the carbon-specific infrared gas 
analyzer of a Shimadzu TOC-5000 organic carbon analyzer (Álvarez-Salgado & Miller 
1998). The analytical errors were ± 1 μM for DOC and ± 0.2 μM for DON. 
Chl a concentration was determined by filtering seawater samples (100 to 250 ml) 
through 25 mm Whatman GF/F filters. After filtration, samples were frozen (-20 °C) 
until pigment extraction in 90 % acetone over 24 h in the dark at 4°C. Chl a contents 
were determined by fluorescence of the pigment extracts using a Turner Designs 
fluorometer calibrated with pure chl a (Sigma). The estimated analytical error was 0.09 
mg m
-3
. 
For POC and PON analysis, 250 ml samples were filtered on pre-weighed, 
precombusted Whatman GF/F filters (0.7 μm nominal pore size), dried overnight and 
frozen (-20 °C) before analysis. Measurements of POC and PON were carried out with a 
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Perkin Elmer 2400 CNH analyzer, including daily acetanilide standards. The precision of 
the method is ± 0.9 μmol C l-1 and ± 0.2 μmol N l-1.  
For microplankton (> 20 μm) counting, 100 ml aliquots of seawater were preserved 
with Lugol’s iodine until microscopic determination. Depending on the chl a 
concentration, a volume ranging from 10 to 50 ml was sedimented in composite 
sedimentation chambers and observed through an inverted microscope. Organisms were 
counted and identified to the species level, and dimensions were taken to calculate cell 
biovolumes after approximation to the nearest geometrical shape (Hillebrand et al. 1999). 
Cell carbon was calculated from these biovolumes following Strathmann (1967) for 
diatoms and dinoflagellates, Verity et al. (1992) for other flagellates (> 20 μm) and Putt 
& Stoecker (1989) for ciliates. A correction to estimate cell carbon for Noctiluca 
scintillans was applied following Tada et al. (2000). Differentiation between autotrophic 
and heterotrophic microplankton was done following Lessard & Swift (1986), Larsen & 
Sournia (1991) and our previous records of epifluorescence microscopy (authors’ un- 
publ. data). Abundances of autotrophic and heterotrophic pico- (< 2 μm) and 
nanoplankton (2 - 20 μm) were determined from epifluorescence microscopy according 
to Figueiras et al. (2006). Autotrophic organisms were enumerated under blue light 
excitation, while excitation with UV light was used to enumerate heterotrophic pico- and 
nanoflagellates. Prochlorococcus cannot be accurately counted with this technique, but 
their abundance is not important in this coastal system (Rodríguez et al. 2003). 
Biovolumes were converted to cell carbon following Verity et al. (1992) for pico- and 
nanoflagellates and Bratbak & Dundas (1984) for Synechococcus-type cyanobacteria 
(Syn). Hereafter, the carbon biomass representing pico-, nano- and microplankton cells 
will be referred to as microbial plankton carbon (PC). 
2.3. Mussel physiological experiments  
Metabolic activity as well as feeding and digestive behavior of mussels were studied 
in situ at the raft station (Fig. 2.1) under ambient conditions of temperature, salinity and 
food availability. The experiments were conducted 3 times during autumn and twice 
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during the other 3 seasons. These experiments were carried out simultaneously with the 
biogeochemical sampling of the water column. 
Clearance, ingestion, AE, respiration and excretion rates were determined according to 
Fernández-Reiriz et al. (2012). The experiments were performed on individual Mytilus 
galloprovincialis (30 each, randomly collected from 3 different ropes). After 
determination of physiological rates, the individuals were sacrificed for dry tissue  
(100ºC, 24 h) and organic weight (450ºC, 24 h) analyses. Mean values of shell size 
(length), dry tissue weight and condition index [CI = (dry tissue weight/shell weight) × 
100] of the collected individuals for each sampling period are shown in Table 2.1. 
 
 
2.3. 1. Ammonium excretion rate and oxygen uptake 
Ammonium excretion rate (VNH4
+
-N) was determined after the mussels were placed 
in open cylindrical chambers with 250 ml of filtered seawater (0.2 µm Millipore 
membranes). Temperature was maintained during the determinations by immersing the 
chambers in an isothermal bath. Two chambers without mussels were used as a control. 
After 90 min, water samples were collected from each chamber and frozen to -20 ºC until 
Season 
Shell size  
(mm) 
Dry weight 
(mg) 
CI 
Autumn 2007 1073 ± 199 56 ± 2 30 ± 5 
Winter 2008 451 ± 77 57 ± 2 14 ± 2 
Spring 2008 738 ± 107 58 ± 1 23 ± 3 
Summer 2008 852 ± 175 61 ± 2 21 ± 3 
Annual 811 ± 277 58 ± 3 23 ± 7 
Table 2.1. Mytilus galloprovincialis. Shell size (length), dry tissue weight and condition 
index (CI) of the individuals used in our study. All means ± SD. 
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they were analyzed in the laboratory using the phenol-hypoclorite method described by 
Solórzano (1969). VNH4
+
-N values were calculated from the difference in NH4
+
 
concentration between the chambers with and without mussels, respectively. 
Oxygen uptake rates (VO2) were determined by incubating the mussels in sealed 780 
ml cylindrical chambers (height 85 mm, diameter 115 mm). Temperature was maintained 
during the determinations by immersing the chambers in an isothermal bath. Two 
chambers without mussels were used as a control. The mussels were left undisturbed 
until most of their valves were opened, or at least for 45 to 60 min. Subsequently, oxygen 
measurements started using a manual probe (HACH HQ40). The depletion of oxygen in 
the chamber due to respiration by the mussels was recorded for 30 to 60 min. The 
measurements were stopped before the oxygen concentration dropped below 30 % 
relative to the control chamber without mussels. VO2 values were calculated from the 
difference in oxygen concentration between the chambers with and without mussels, 
respectively. 
2.3. 2. Organic ingestion rate and absorption efficiency 
The organic ingestion rate (OIR) was calculated as the product of clearance rate (CR) 
and food concentration. CR was estimated using mussels placed in a cylindrical chamber 
of 1200 ml with a water inflow in the lower part and a water outflow in the upper 
opposite side. The mussels were placed in the chambers in such a way that the input flow 
was directed towards the inhalant aperture and the exhalant aperture towards the water 
outflow, thus preventing re-filtration processes. Two chambers without mussels were 
used as blanks. The CR was estimated from the reduction in suspended particle 
concentration, measured as volume of particles (mm
3 
l
-1
) between the water surrounding 
the individuals and the outflow of the experimental chamber (Filgueira et al. 2006). 
Following the method of Conover (1966), AE was estimated by determining the organic 
and inorganic content of the food and the feces. Representative samples of the diet were 
collected during the experiments and the AE was calculated for a given pool of mussels 
by collecting the feces in each experimental chamber. Samples of food and feces were 
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filtered through pre-combusted, pre-weighted Whatman GF/C membranes. Filters were 
rinsed with isotonic ammonium formate, dried to a constant weight at 80 ºC, and then 
weighed and combusted at 450 ºC for 3 h. The filters were weighed again to estimate the 
organic and inorganic fraction contained in the food and feces. 
2.3. 3. Standardisation of physiological rates 
To preclude variability in physiological rates caused by size differences, these rates 
were corrected to a standard-size individual. To this end, once physiological 
measurements were completed, shell length of each individual was recorded to the 
nearest 0.1 mm with Vernier callipers. Physiological rates were standardized to a mussel 
length of 60 mm with the following formula: 
Ystd = Yexp (Lstd / Lexp) b             (2) 
where Ystd and Yexp are the standardized and experimental physiological rates, 
respectively, Lstd   and  Lexp  are the standardized and individual experimental sizes, 
respectively, and b is the exponent relating the physiological rate with size. We 
employed a value of 1.85 as a size standardization exponent for CR (Filgueira et al. 2006, 
2008), 0.75 for oxygen consumption (Bayne & Newell 1983) and 0.72 for ammonium 
excretion rate (Hawkins & Bayne 1985). 
2.4. Statistical analysis 
The significance of the water column biogeochemical differences between ReS and 
RaS was analyzed over the 12 m integrated values of a total of 24 paired observations (6 
sampling days × 4 seasonal periods) using a t-test (p < 0.05; Table 2.2). 
For the metabolic and physiological mussel rates, analysis of variance (ANOVA) was 
applied to analyze the seasonal pattern. A parametric ANOVA was used for variables 
that fulfilled normality (Shapiro test) and homoscedasticity (Levene test) assumptions, 
and a Kruskal-Wallis test was used when these assumptions were rejected. The Tukey 
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honestly significant difference (HSD) test was used as a post hoc test. Data analysis was 
performed with the statistical package R 2.12.2. (R Development Core Team 2011). 
3. RESULTS 
3.1. Hydrographic conditions and biogeochemistry of the water column 
The thermohaline and biogeochemical conditions for the 4 sampling periods were 
analyzed based on the temporal distributions of temperature, nitrate (NO3
-
), ammonium 
(NH4
+
) and chl a at the reference (ReS) and raft (RaS) sampling sites (Figs. 2.2 & 2.3, 
respectively). 
During autumn 2007, prevailing upwelling winds (-Qx positive values) favored the 
intrusion of nutrient-rich subsurface ENACW into the Rías, breaking the thermal 
stratification observed at the beginning of the study period at both ReS and RaS. As 
expected, the entrance of this water body coming from the ocean was responsible for the 
maximum chl a attained on 24 September, reaching values as high as 6 and 3 mg m
-3
 at 
ReS and RaS, respectively. During winter 2008, the water column was characterized by 
relatively cold waters only varying 0.5ºC, with high NO3
-
 content (from 5 to 7 µmol kg
-1
) 
and lower NH4
+
 levels than the previous sampling period at the 2 sites. Chl a 
concentration was < 1 mg m
-3
 at both stations. In spring 2008, the water column was 
thermally mixed, with very low NO3
-
 (< 2 µmol kg
-1
) NH4
+ 
(< 1 µmol kg
-1
) levels during 
the first half of the cruise. During this period, the maximum values of chl a (5 mg m
-3
) at 
the sea surface decreased to a marked minimum of 2 and 1 mg m
-3
 at ReS and RaS, 
respectively. After 21 April, a thermal stratification established, which favored the 
development of a subsurface chl a maximum (6 mg m
-3
) at ReS that disappeared at RaS. 
Finally, during the first half of summer 2008 sampling period, the intrusion of ENACW, 
linked with very high positive values in the upwelling index, was clearly discernible by 
low temperature (< 14 ºC), and high NO3
-
 content (5 µmol kg
-1
; Figs. 2.2 & 2.3), always 
recorded close to the bottom. According to the upwelling conditions registered in the first 
half of this period, we observed a surface maximum chl a at ReS (5 mg m
-3
) that was not  
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Figure 2.2. Reference station. Time series of upwelling index (10
3 
m
3 
s
-1
 km
-1
) 
temperature (ºC), nitrate (NO3
-
, µmol kg
-1
) ammonium (NH4
+
, µmol kg
-1
), and chlorophyll 
a (chl a, mg m
-3
) concentration. Vertical dashed lines: days when physiological 
experiments with mussels were carried out. 
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Figure 2.3. Raft station. Time series of upwelling index (10
3 
m
3 
s
-1
 km
-1
) temperature 
(ºC), nitrate (NO3
-
, µmol kg
-1
) ammonium (NH4
+
, µmol kg
-1
), and chlorophyll a (chl a, mg 
m
-3
) concentration. Vertical dashed lines: days when physiological experiments with 
mussels were carried out. 
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registered at RaS. After 2 July, northerly winds relaxed and even shifted southward,   
developing a strong thermocline with relatively nutrient-poor surface waters, with NO3
-
 
and NH4
+
 levels < 1 and < 2 µmol kg
-1
, respectively. During this sampling period, the chl 
a content remained relatively constant throughout the whole water column at both ReS 
and RaS (Fig. 2.2 & 2.3). 
 
 
 
To describe the effect of mussel rafts on the Ría ecosystem, we present mean seasonal 
variations of nitrogen forms, DO, POC, chl a and microbial PC at reference and raft 
stations (Fig. 2.4). Although average NO3
-
 and nitrite (NO2
-
) concentrations showed no 
significant differences between sites, NH4
+
 contents were significantly different (Table 
2.2) with higher values at RaS. Mean integrated NH4
+
 ranged from maximum values  of  
 
Parameter p 
Reference  
site 
Raft 
site 
Deficit or 
excess (%) 
NO3
-
 (mmol m
-2
) 0.879 48 ± 39 46 ± 35 ns 
NO2
- 
(mmol m
-2
) 0.562 3.4 ± 2.5 3.8 ± 2.6 ns 
NH4
+
 (mmol m
-2
) 0.007 20 ± 14 33 ± 18 40 ± 31 
DON (mmol m
-2
) 0.270 84 ± 20 87 ± 22 ns 
DOC (mmol m
-2
) 0.239 1032 ± 80 1064 ± 81 ns 
DO (mmol m
-2
) 0.049 3333 ± 309 3140 ± 350 -5 ± 7 
POC (mg m
-2
)
 
0.064 2803 ± 1068 2229 ± 464 ns 
chl a (mg m
-2
) 0.023 37 ± 23 23 ± 16 -33 ± 26 
PC (mg m
-2
)
 
0.015 2017 ± 750 1298 ± 561 -34 ±28 
Table 2.2. Reference and raft stations. t-test applied to paired samples (n = 24; 6 samplings 
× 4 seasons). ‘Deficit or excess (%)’ is based on a comparison of raft vs. reference sites. p 
< 0.05: significant difference between sites, ns: not significant. DON: dissolved organic 
nitrogen, DOC: dissolved organic carbon, DO: dissolved oxygen, POC: particulate organic 
carbon, PC: plankton carbon. All means ± SD 
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Figure 2.4. Seasonal variations of 12 m water column integrated values of nitrate 
(NO3
-
), nitrite (NO2
-
), ammonium (NH4
+
), and dissolved organic nitrogen (DON), 
dissolved oxygen (DO), chlorophyll a (chl a), particulate organic carbon (POC) and 
microbial plankton carbon (PC) at both reference (light grey bars) and raft (black bars) 
stations. All means + SE. 
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27 and 48 mmol m
-2
 registered in autumn and minimum values of 7 and 15 mmol m
-2
 
recorded during spring time for ReS and RaS, respectively (Fig. 2.4). DON presented no 
significant differences between sampling stations (Table 2.2) and seasonally varied 
between minimum integrated values of 75 and 77 mmol m
-2 
in autumn for ReS and RaS, 
respectively, and maximum integrated values of 89 mmol m
-2 
in spring at ReS and 93 
mmol m
-2 
in summer at RaS (Fig. 2.4). DOC also presented no significant differences 
between sites, ranging around mean annual integrated values of 1032 and 1064 mmol m
-2
 
at ReS and RaS, respectively (Table 2.2). We also found no significant differences in DO 
contents between sites, with a mean annual deficit of 5 % at RaS with respect to ReS 
(Table 2.2). Maximum variations in mean seasonal DO contents between sampling sites 
were registered during autumn 2007 and summer 2008 (Fig. 2.4). 
Regarding suspended particulate matter (SPM), we clearly registered lower values of 
both chl a and PC at RaS compared to ReS (Figs. 2.2 & 2.3, Table 2.2) although POC 
did not differ significantly between stations. In terms of mean seasonal values of both chl 
a and PC, we found maxima in spring and minima during winter (Fig. 2.4). 
3.2. Physiological rates during mussel experiments 
Box-plots show the seasonal evolution of both metabolic and physiological 
parameters (Fig. 2.5). With our data, the test rejected the hypothesis of homogeneity 
between seasons in all physiological variables. Table 2.3 provides a descriptive summary 
of the data showing the seasons that followed a homogeneous pattern (Tukey HDS) for 
all variables. In general, we observed that metabolic and physiological activity of Mytilus 
galloprovincialis reached minimum values in winter and maximum values during spring 
and summer (Fig. 2.5). 
Ammonium excretion rates (VNH4
+
-N) were significantly lower in autumn (14.2 µg 
h
-1
) and winter (13.7 µg h
-1
) than in spring and summer, when rates of 20.8 and 21.7 µg 
h
-1
 were registered, respectively (Table 2.3). The oxygen uptake presented a different 
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pattern with respect to the other variables, ranging between minima during winter (0.7 ml 
h
-1
) and maxima during spring (1.4 ml h
-1
). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Seasonal variations of OIR indicated minima in winter (0.8 mg h
-1
) and maxima in 
spring (2.7 mg h
-1
; Fig 2.5, Table 2.3). In terms of AE, mean values of 81.5% were 
registered during our experimental year, ranging from a minimum value of 72.5 % in 
winter to a maximum of 87.7 % in summer (Table 2.3). 
Figure 2.5. Seasonal variation of metabolic (ammonium excretion = VNH4
+
-N; oxygen 
uptake = VO2) and physiological (organic ingestion = OIR; absorption efficiency =AE) 
rates. The box goes from the lower quartile (Q1) to upper quartile (Q3). The horizontal bar 
inside the box is the median. Whiskers above and below the box are drawn at the first 
value in the range [Q1 – (1.5 × IQR), Q3 + (1.5 × IQR)], where IQR is the interquartile 
range. ○: data which exceed this range (outliers). 
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4. DISCUSSION 
4.1. Alteration of water column biogeochemistry by feeding activity of 
mussels 
According to previous studies, bivalve feeding activity can be important in the 
pathway of nutrient cycling in coastal ecosystems (Souchu et al. 2001, La Rosa et al. 
2002, Nizzoli et al. 2006, Richard et al. 2007). Mussel cultures act as a source of 
recycled nutrients to the system by means of the respiration and excretion of inorganic 
metabolic waste products, while harvest of the mussels results in removal of nutrients 
from the system. Thus, mussels act as a sink or source of nutrients and thereby interact 
with nutrient cycling in coastal ecosystems, particularly in areas with dense mussel 
communities (see reviews by Prins et al. 1997, Newell 2004). 
For the Ría de Vigo, it has been suggested that the intensive mussel culture has a 
large influence on the microbial food web structure and functioning (Figueiras et al. 2002, 
Season VNH4
+
-N 
(µg h
–1
) 
VO2 
(ml h
–1
) 
OIR 
(mg h
–1
) 
AE 
(%) 
Autumn 2007 14.2 ± 4.9 (a) 0.9 ± 0.2 (b) 2.0 ± 0.6 82.0 ± 5.3 (a) 
Winter 2008 13.7 ± 4.5 (a) 0.7 ± 0.1 (a) 0.8 ± 0.2 72.5 ± 1.7 
Spring 2008 20.8 ± 7.2 (b) 1.4 ± 0.3 2.7 ± 0.9 (a) 82.9 ± 4.6 (a,b) 
Summer 2008 21.7 ± 5.7 (b) 0.8 ± 0.2 (a,b) 2.4 ± 0.6 (a) 87.7 ± 1.8 (b) 
Annual 17.0 ± 6.6 1.0 ± 0.3 2.0 ± 0.9 81.5 ± 6.2 
Table 2.3. Ammonium excretion rate (VNH4
+
-N), oxygen uptake (VO2), organic ingestion 
rate (OIR) and absorption efficiency (AE) for each sampling season. All means ± SD. 
Homogeneous group identified by Tukey’s HDS test (α = 0.05) are given in brackets (a,b). 
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Maar et al. 2008, Petersen et al. 2008). However, only Alonso-Pérez et al. (2010) tried to 
elucidate the impact of suspended mussel culture on water column biogeochemistry by 
comparing conditions inside and outside of a raft area. Based on a short field campaign, 
they concluded that mussels farming did not significantly alter pelagic nutrient cycling. 
In contrast, our seasonal study shows, for the first time, that mussel farming clearly 
modifies the water column biogeochemistry.  
Thermohaline conditions were very similar at both ReS and RaS, following the 
pattern presented in Fig. 2.2 & 2.3. Nevertheless, the comparison of inorganic and 
organic (dissolved and particulate) nutrient forms at the 2 stations showed contrasting 
results in terms of effects associated with mussel activity at the raft site. Focusing on 
nitrogen and beginning with the inorganic forms (NO3
-
, NO2
-
 and NH4
+
), we did not 
observe any significant difference in NO3
-
 content between stations (Fig. 2.2 to 2.4, 
Table 2.2). The relationship of this nutrient with the water column temperature indicated 
that it is controlled by thermohaline properties, resulting in the highest NO3
-
 levels with 
the inflow of upwelled cold, nutrient-rich subsurface ENACW in the Ría (Fraga 1981). 
Such a correlation is evident at both ReS and RaS, revealing that similar hydrographic 
conditions affected our 2 study sites (Fig. 2.2 & 2.3). Likewise, NO2
-
 distributions were 
also very similar between ReS and RaS, with no significant differences during the study 
year (Fig. 2.4, Table 2.2), suggesting that NO2
-
 is not directly affected by mussel 
physiology. These results clearly contrast with NH4
+
 distribution, which presented 
significant differences between the 2 sampling stations (Fig. 2.2 & 2.3). Our ammonium 
excretion rates are of the same magnitude as previously reported values (Hawkins & 
Bayne 1985, Smaal & Vonck 1997, Smaal et al. 1997, Jansen et al. 2012). These rates 
could explain the increase of NH4
+ 
levels in the water column which is supported by the 
high correlation between these 2 parameters (Fig. 2.6). Our observations clearly evidence 
that the mussel rope community plays an important role in nutrient recycling. NH4
+ 
excess in the mussel farming zone with respect to the reference site was highly 
significant in all sampling periods (Table 2.2). Our values were in the same range as 
presented by Boucher & Boucher-Rodoni (1988) in their study on oyster farming, where 
the contribution of VNH4
+
-N was 10 to 40 %. 
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The role of dissolved organic matter as a potential food source has not been 
sufficiently examined, and the few available studies reach different conclusions (Roditi 
et al. 2000, Pan & Wang 2004, Baines et al. 2007). Our results, showing no significant 
differences in the quantity and quality of dissolved organic matter (expressed as 
DOC:DON ratio; p = 0.504; Table 2.2) at RaS and ReS, would support the idea proposed 
by Pan & Wang (2004). These authors stated that the contribution of DOC as a source of 
nutrition for marine bivalves is basically negligible due to the low carbon AE from the 
dissolved phase, which is 1000-fold lower than the carbon AE from food particles. 
In contrast, particulate organic matter (POM) as food source for Mytilus 
galloprovincialis showed a different contribution. While the lack of significant 
differences between PON and POC at the 2 sites would suggest that they were not 
suitable food sources, the reduction in microbial PC at the raft site points to preferential 
consumption by mussel activity. The PC content was depleted at RaS (Fig. 2.4, Table 
2.2), where PC represented, in annual terms, ~ 49 ± 25 % of total POC in contrast to 73 ± 
37 % at ReS. This fact reveals that there must be an additional source of POM at RaS 
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Figure 2.6. Relationship between 
ammonium content in the water 
column at the raft station (NH4
+
wc) 
and the direct ammonium excretion 
rate (VNH4
+
-N) obtained from the 
physiological experiments with 
mussels. 
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different from the non-planktonic carbon at ReS. One possible additional source of POM 
could be all raft epifaunal communities associated with the mussel ropes (Maar et al. 
2008); future studies should focus on analyzing these other inputs of organic matter. 
The annual deficits of both chl a and PC at RaS with respect to ReS (Fig. 2.4, Table 
2.2) reflect the preferential grazing of mussels on plankton. The chl a deficit at the 
mussel culture zone in the Ría de Vigo was lower than values (- 44 ± 4 %) presented by 
Souchu et al. (2001), who reported how the filter feeders Crassostrea gigas were able to 
alter water column nutrient cycling in a poorly flushed lagoon in the Mediterranean Sea. 
Otherwise, our chl  a (- 26 to - 53 %) summer deficits at RaS compared to ReS were in 
good agreement with summer depletion rates (10 to 45 %) found by Petersen et al. 
(2008) in a study carried out in the Ría de Vigo and based on fluorescence data. They are 
also similar to previous levels of estimated phytoplankton reduction (30 %) from mussel 
rafts in the Rías reported by Pérez-Camacho et al. (1991). No previous studies have 
analyzed mussel consumption of plankton based on microbial PC. 
4.1. Physiological responses of mussels to quantity and quality of organic 
content in food 
The physiological responses of mussels to the quantity and quality of the available 
food has been extensively studied, mainly by analyzing feeding and digestive behavior 
under experimentally controlled levels of SPM load and POM content of the seston (e.g.  
Bayne et al. 1993, Cranford & Hill 1999, Kreeger & Newell 2001). In this framework, 
and taking into account that the Rías are characterized by low SPM (Babarro et al. 
2000c), the goal of our study, carried out under natural conditions, was to understand 
how quantity and quality of the seston organic compounds can affect the feeding 
behavior of suspended mussels and how these filter feeders use these components to 
satisfy their carbon demands. To assess the nutritional value of the seston organic 
compounds, we used different proxies such us POC, which represents the total organic 
carbon content of seston available to mussels, chl a, which is used as an indicator of 
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phytoplankton biomass, and the microbial PC, which considers the whole organic carbon 
derived from both autotrophic (phytoplankton) and heterotrophic microbial plankton.  
From the relationship between OIR of mussels Mytilus galloprovincialis and the 
seston organic content in the Ría de Vigo during our experimental year, we can conclude 
that 59 to 64 % of the variance in OIR are explained by the quality of the ingested food 
derived from POC and PC estimates, respectively (Fig. 2.7). These results corroborate 
that M. galloprovincialis under natural conditions in the Rías Baixas are filter organisms 
that not only increase their feeding activity in terms of SPM contents (Figueiras et al. 
2002) but also in terms of organic load of the available food. With this model, we can 
asses that for maximum POC (247 mg m
-3
) and PC (153 mg m
-3
) contents found in the 
Ría de Vigo during our experimental year, the predicted maximum OIR values were 2.51 
and 2.35 mg l
-1
, respectively.  
The nutritional value of the seston carbon sources not only affects the feeding activity 
of mussels but also the digestive processes that optimize the consumed energy (Babarro 
2000c, Pérez-Camacho et al. 2000). Figueiras et al. (2002) presented a first adjustment of 
mussel AE to the nutritional value of seston, i.e. organic matter content of seston. Their 
approach assesses a maximum AE (~ 0.6) when the ratio between POM and SPM is ~0.5. 
However, we found that AE is lowly related with POC content (r
2
 = 0.34). Taking into 
account this fact and considering the information about an additional source of POC at 
RaS (see first section of the Discussion), we hypothesize that in our study this additional 
source of carbon is not accessible for mussel digestion, leading to an overestimation of 
available high-quality food. In fact, we found a significant relationship between AE and 
PC (not observed with chl a content; Fig. 2.7):   
AE (%) = 94.40 [PC / (9.06 + PC)]              (3) 
The model, which explains 85 % of the variance in AE as dependent on the quality of 
ingested food due to microbial PC, predicts an asymptotic maximum AE of 89.4 % for 
maximum PC contents registered in the Ría de Vigo during our experimental year. The 
adjustment of AE is maintained even if we consider the PC/POC ratio as the independent 
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variable (AE in % = 100 PC/POC / [9.23 + PC/POC]; r
2
 = 0.83). These models clearly 
reflect that when microbial PC dominates the organic content of the seston, the digestive 
processes of the mussels are reinforced and explain the high growth rates of Mytilus 
galloprovincialis in the Rías.  
 
 
 
 
 
 
 
 
 
 
 
 
 
On the other hand, the fact that the good adjustments between both feeding (OIR) and 
digestive (AE) parameters with PC contents in the water column were lost when we used 
chl a as a proxy of seston organic fraction (Fig. 2.7) highlights the importance of 
considering the whole microbial PC, including not only autotrophic but also 
Figure 2.7. Relationship between both organic ingestion rate (OIR) and absorption 
efficiency (AE) with the food quality variables (particulate organic carbon: POC; 
chlorophyll a: chl a ; and microbial plankton carbon: PC) observed at the raft site. Data 
were adjusted by the hyperbolic equation y = ax / (b + x). The coefficients a and b are 
shown for each adjustment. 
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heterotrophic microbial plankton as high-quality food for mussels in the Ría de Vigo. 
Changes in PC:chl a ratios can also help to explain differences in the adjustments with 
PC and chl a. 
In summary, the interaction between coastal upwelling and circulation patterns in the 
Rías triggers the high microbial PC content of seston (Margalef & Andreu 1958, Tenore 
& González 1975, Figueiras et al. 2002), which leads to maximum levels in the 
absorption of energy consumed by mussels, as presented here. In this way, the Rías 
Baixas have become an ecosystem with the largest mussel production in Europe (Labarta 
2000). Future research increasing temporal and spatial resolution of sampling, both 
inside and outside of the raft areas, will be necessary to corroborate our results.
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Chapter 3 
Microbial Plankton community in the Ría de 
Vigo (NW Iberian upwelling system): 
Impact of the culture of Mytilus 
galloprovincialis  
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ABSTRACT 
Variability in size-structure and composition of the microbial plankton community in 
the Ría de Vigo (NW Iberian coastal upwelling system) was studied as a function of the 
prevailing oceanographic conditions during four seasonal sampling periods (autumn, 
winter, spring and summer). The impact of mussel culture on this microbial plankton 
community was also evaluated by comparing the results obtained in a reference station 
(ReS) located outside the farming area with those found inside the farming area (raft 
station, RaS). Integrated microbial plankton biomass remained relatively constant (2.5 ± 
0.4 g C m
-2
) at ReS during autumn, spring and summer, when microplankton clearly 
dominated, accounting for 64 ± 13 % of the total microbial plankton biomass. Pico- and 
nanoplankton were present in the microbial community all year round, with mean 
biomass values of 0.32 ± 0.09 g C m
-2
 and 0.42 ± 0.23 g C m
-2
, respectively. These 2 
fractions became more relevant during winter, when the contribution of microplankton to 
total microbial plankton biomass decreased (to 23 ± 9 %) and a balanced trophic 
structure between autotrophs and heterotrophs was established. At RaS, a significantly 
lower biomass of microplankton (by 46 ± 32 %) and nanoplankton (by 35 ± 22 %) was 
observed compare to ReS, regardless of their trophic nature. Picoplankton biomass did 
not differ between sites. These results suggest that mussel farming exerts a top-down 
control over the microbial plankton community by consuming micro- and nanoplankton 
without affecting picoplankton. An excess of ammonium, probably excreted by mussels, 
and a lower autotrophic carbon:chlrophyll ratio at RaS suggest that mussel culture could 
also exert a bottom-up-like control on the phytoplankton that escape mussel consumption 
in farming zones. 
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1. INTRODUCTION 
The size structure of the microbial plankton community is one of the main factors 
controlling the transfer of matter and energy through marine food webs. In the open 
ocean, where nutrient levels are low, small phytoplankton dominates and the recycling of 
the photosynthesized organic matter prevails (Pomeroy 1974, Azam et al. 1983). In 
contrast, where nutrients are abundant, as is usual in coastal areas, the dominance of 
large diatoms in the microbial community implies the existence of a short food web 
(Cushing 1989), which means that a significant fraction of the biogenic carbon is 
available to be exported outside the microbial community and fuel higher trophic levels 
(Eppley & Peterson 1979, Wassmann 1990). 
Food webs in coastal upwelling systems have been traditionally considered to be 
short and efficient (Ryther 1969). Indeed, these ecosystems are highly productive areas 
that support the most important fisheries of the world´s oceans (Pauly & Christensen 
1995). However, coastal upwelling systems are particularly dynamic, and the structure of 
the microbial community is affected by this environmental variability. Small organisms 
(< 20 µm) dominate during periods of downwelling and during upwelling relaxation, 
while microplankton thrives during upwelling events (Varela et al. 1991, Iriarte & 
González 2004, Espinoza-González et al. 2012). Moreover, upwelling can be intensified 
or weakened in response to the interaction of the wind field with coastal singularities, 
such as bays or capes, generating multiple environments in which different microbial 
communities develop (Castro et al. 1997, Pitcher et al. 2010). The NW Iberian Peninsula 
is one of these highly dynamic coastal upwelling zones, where northerly winds prevail 
from March to October, inducing upwelling, and during the rest of the year, the dominant 
southerly winds cause downwelling (Fraga 1981). It is known that changes in the 
structure and composition of the microbial plankton community in shelf waters occur in 
response to this environmental variability on seasonal and short-term scales (Varela et al. 
1991, Crespo et al. 2011, Espinoza-González et al. 2012).  
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The Rías Baixas (see Fig. 3.1), 4 V-shaped bays with a NE-SW orientation that 
exchange water with the adjacent shelf, are located on the NW Iberian coast. The 
singular topography of the Rías, shallower and narrower inward, and their estuary-like 
circulation enhance upwelling and downwelling processes occurring at the continental 
shelf (Figueiras et al. 2002). However, instead of their uniqueness, the size and trophic 
structure of the microbial plankton community as a whole have not received much 
attention in the Rías Baixas. Studies conducted to date were either focused on the 
composition and dynamics of microplankton (Figueiras et al. 1994, Tilstone et al. 1994, 
Fermín et al. 1996) or indirectly addressed the size structure of phytoplankton through 
chlorophyll fractionation (Cermeño et al. 2006, Arbones et al. 2008). Therefore, no 
comprehensive characterization of the microbial plankton community has been done in 
the Rías Baixas in relation to the environmental conditions recorded at annual scale.  
While such a characterization is needed for its own sake, it is even more important 
considering the intensive culture of the edible mussel Mytilus galloprovincialis Lamark 
that exists in the Rías. The Galician Rías support the highest mussel production in 
Europe (250 x 106 kg yr
-1
) with a total of 3.335 mussel rafts enclosed in areas called 
polygons (Labarta et al. 2004). Although previous research suggests that the mussel 
culture significantly alters the food web in the Rías (Tenore et al. 1982), very few studies 
have been conducted to assess this issue (Cabanas et al. 1979, Maar et al. 2008, Petersen 
et al. 2008). In terms of chlorophyll, Cabanas et al. (1979) and Petersen et al. (2008) 
showed a reduction inside the mussel area between 20 and 60% of the outside 
concentration, mainly affecting chlorophyll a in the fraction >2 µm. Moreover, Chapter 2 
has showed strong correlations between microbial plankton carbon biomass and 
ingestion rate or absorption efficiency of M. galloprovincialis. These results point to the 
important role that the microbial plankton community plays in mussel growth and 
production in the Rías Baixas. Nevertheless, more research is required to establish to 
what extent mussel culture causes modifications in the structure and composition of the 
microbial plankton community originally dependent on the prevailing oceanographic 
conditions. The aim of the present work was to characterize the structure and 
composition of the microbial plankton community in the Ría de Vigo (one of the Rías 
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Baixas) in relation to the hydrographic conditions recorded during 4 seasonal campaigns 
and to analyze the impact of mussel culture on this microbial plankton community for 
each study period. This knowledge should contribute to improve the management 
capacity of the mussel culture in this upwelling region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Ría de Vigo, with the 2 sampling sites ( ): reference (ReS) and raft (RaS) 
stations. Location of the raft polygons are also shown (blue areas). Inset: the Rías Baixas 
on the NW Iberian Peninsula. 
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2. MATERIALS AND METHODS 
2.1. Sampling strategy 
The study was carried out at 2 sampling stations, a reference station (ReS) and a raft 
station (RaS) in the Ría de Vigo (Fig. 3.1) between 2007 and 2008. The ReS was 
positioned in the central channel of the Ría, well outside of the mussel farming area. The 
RaS was located slightly inwards in the Ría within a polygon (group of raft). Four 
seasonal periods, autumn (September 17 to October 04), winter (January 28 to February 
14), spring (April 14 to May 01) and summer (June 26 to July 14) were sampled. The 2 
stations were visited aboard the RV ‘Mytilus’ every 2 to 3 days during each period, 
providing 6 sampling days per period. Water samples at both stations were collected at 5 
depths (surface, and 5, 10, 15 and 20 m) using a CTD SBE 9/11 (Sea-Bird) fitted to an 
oceanographic rosette equipped with 12 Niskin bottles. Subsamples were taken to 
determine nitrate, ammonium and chlorophyll a concentrations, and to evaluate 
picoplankton (< 2 µm), nanoplankton (2 - 20 µm) and microplankton (> 20 µm) biomass. 
Daily values of the Ekman transport (-Qx, m
3
 s
-1
 km
-1
) perpendicular to the coast were 
calculated according to Bakun (1973) using the daily average of shelf winds available 
from the seawatch buoy off Cape Silleiro, belonging to ‘Puertos del Estado’ (Spanish 
government port authorities; (www.puertos.es). 
2.2. Nutrients and chl a 
Nitrate and ammonium concentrations (µmol kg
-1
) were determined by segmented 
flow analysis using an Alpkem autoanalyzer following Hansen & Grasshoff (1983). For 
chl a, 250 ml of seawater was filtered through 25 mm Whatman GF/F filters. The filters 
were then frozen (- 20 ºC) until pigments were extracted in 90% acetone for 24 hours in 
dark at 4 ºC. Chl a concentrations (mg m
-3
) were determined by measuring the 
fluorescence of the extracted pigments in a Turner Designs fluorometer calibrated with 
pure chl a (Sigma). 
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2.3. Picoplankton biomass 
Subsamples of 1.8 ml were collected in sterile cryovials to determine the biomass of 
heterotrophic bacteria (HB) and autotrophic picoplankton (APP). After fixation with a 
P+G solution (1% paraformaldehyde + 0.05 % glutaraldehyde) at 10 % final 
concentration, samples were frozen and kept in liquid nitrogen at – 80 ºC until analysis in 
the laboratory. The analysis was performed in a FACScalibur flow cytometer using 
aliquots of 0.6 ml for APP and 0.4 ml for HB and 10 µl of yellow-green 1µm 
Polyscience latex beads as an internal standard (Calvo-Díaz & Morán 2006). HB were 
previously stained with 4 µl of SYBR Green dye. Abundances of HB, Synechococcus 
and autotrophic eukaryotic picoflagellates (APF) were obtained. Prochlorococcus did not 
appear in any sample, revealing that their presence in the Ría is insignificant as 
previously pointed by Rodríguez et al. (2003). HB biomass was calculated using a 
conversion factor of 20 fg C cell
-1
 (Lee & Fuhrman 1987) and the biomass of 
Synechococcus was estimated following Bratbak & Dundas (1984). The biomass of APF 
was determined according to Verity et al. (1992). 
Heterotrophic eukaryotic picoflagellates (HPF) were determined in subsamples of 10 
ml fixed with buffered 0.2 µm filtered solution of formaldehyde (2 % final 
concentration) and stained with DAPI (0.1 µg ml
-1
 final concentration) for 10 minutes in 
the dark (Porter & Feig 1980). The samples were then filtered through 0.2 µm black 
Millipore-Isopore filters, and HPF abundance was obtained using an epifluorescence 
microscope, illuminating the filters with UV light. The biomass was estimated according 
to Verity et al. (1992). 
2.4. Nanoplankton biomass 
Subsamples of 30 ml were used to determine abundance and biomass of autotrophic 
nanoflagellates (ANF) and heterotrophic nanoflagellates (HNF). The subsamples were 
fixed and stained as described above for HPF. Subsequently, these subsamples were 
filtered through 0.8 µm black Milipore-Isopore to enumerate ANF and HNF by 
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epifluorescence microscopy. Autotrophic organisms were distinguished by their reddish 
color when the sample was illuminated with blue light, whereas heterotrophic organisms 
were distinguished by their blue color under UV light illumination. At least 300 cells 
were counted in each sample. The biovolumes of ANF and HNF were calculated by 
measuring the diameter of several individuals (at least 25 in each group and sample) and 
assuming a spherical shape. Biomass in carbon units was calculated according to Verity 
et al. (1992). 
2.5. Microplankton biomass 
Subsamples of 100 ml preserved in Lugol´s iodine were sedimented in composite 
sedimentation chambers and observed with an inverted microscope to identify and count 
microplankton cells. The organisms were counted and identified at species level when 
possible. The smaller species (< 20 µm) were enumerated from 2 perpendicular transects 
scanned at 400x, medium-size individuals (20-50 µm) were counted in 1 or 2 transects at 
200x and larger organisms (> 50 µm) were counted by scanning the whole slide at 100x.  
At least 500 cells were counted in each sample. Differentiation between autotrophic 
microplankton (AMP) and heterotrophic microplankton (HMP) was made following 
Lessard & Swift (1986) and Larsen & Sournia (1991) and also using our historical 
records of epifluorescence microscopy. Cell volumes were estimated according to 
Hillebrand et al. (1999) and the biovolumes of diatoms and dinoflagellates were 
converted to carbon biomass following Strathmann (1967). However, the cellular carbon 
of Noctiluca scintillans was estimated applying the correction suggested by Tada et al. 
(2000). Carbon biomass was estimated following Verity et al. (1992) for flagellates other 
than dinoflagellates and Putt & Stoecker (1989) for ciliates. Diatoms, dinoflagellates, 
flagellates and ciliates < 20 µm were included in the nanoplankton fraction, whereas 
chain-forming diatoms < 20 µm were ascribed to microplankton.  
The biomass values of all microbial plankton components are presented integrated 
over a 12 m water column because this is the length of the ropes containing mussels in 
the rafts. In this way, biomass comparisons between ReS and RaS stations are done for 
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the environment (upper part of the water column) potentially affected by mussels. 
Although biomass values integrated over the entire water column were higher than the 
biomass values integrated over the upper 12 m depth of the water column, both values 
showed in all cases (size classes and trophic structure) strong correlation (r
2
 > 0.9; p < 
0.001), indicating that the structure of the microbial community did not change in the 
water column. 
2.6. Statistical analysis 
A non-parametric analysis of variance (Kruskal-Wallis test) was applied to test 
significant effects of location (ReS vs. RaS) and season (autumn, winter, spring and 
summer) over the environmental variables and microbial plankton components using the 
statistical software SPSS. 
3. RESULTS 
3.1. Wind forcing and water column response 
The thermohaline properties and nitrate, ammonium and chl a levels at ReS for the 4 
study periods (Fig. 1.2) showed the seasonal and short-time variability typically recorded 
in the Ría de Vigo in response to dominant winds.  
Upwelling favorable winds (-Qx positive values) prevailed during the first half of 
autumn shifting to southerly winds in the second one. These changes in wind regime 
modified the water column structure, from an initial stratification (> 16 ºC and nutrients 
< 1 µmol kg
-1
 at sea surface), to an upwelling of subsurface cold (<14 ºC), saline (> 35.6) 
and nutrient-rich water and finally to the occurrence of an intense downwelling. The 
subsurface chl a maximum on September 24 (6 mg m
-3
) was probably associated with 
phytoplankton accumulation at the pycnocline during the upwelling pulse, whereas the 
subsequence downwelling caused a homogeneous chl a distribution (~ 4 mg m
-3
). Weak 
winds prevailed throughout the winter sampling, especially in the second half, when the 
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water column displayed thermal homogeneity and weak saline stratification. Nitrate 
levels were high (5 to 6 µmol kg
-1
) and chl a concentration remained low (< 1 mg m
-3
). 
In spring, winds were relatively weak. The hydrographic conditions evolved from a well-
mixed water column to a thermohaline stratification favored by an intense continental 
input (161 m
3
 s
-1, data provided by ‘Aguas de Galicia’) during the second half of this 
period. High nitrate levels supplied by continental input enhanced phytoplankton 
increase at the halocline (> 4 mg chl a m
-3
). The June-July cruise captured the 
characteristic summer situation when strong upwelling-favorable winds alternate with 
relaxation periods. Thus, upwelling of cold (< 14ºC) and nutrient-rich water (> 5 µmol 
kg
-1
 for nitrate and > 3 µmol kg
-1
 for ammonium) stimulated phytoplankton growth (> 5 
mg m
-3
) at sea surface. Once upwelling subsided, the surface chl a was redistributed 
throughout the water column. After that, wind relaxation left nutrient-poor water with 
low chl a at the sea surface.  
Thermohaline conditions and nitrate concentrations found at RaS (Fig. 3.3) were not 
different to those recorded at ReS (Fig. 3.2), as there were no significant differences 
between temperature, salinity and nitrate concentrations measured at  the 2 locations 
(Kruskal-Wallis test, n = 240, p ≥ 0.57). However, differences were significant (Kruskal-
Wallis test, n = 240, p < 0.001) in ammonium and chl a concentrations at RaS (Fig. 3.3) 
and at ReS (Fig. 3.2). Integrated (12 m depth) ammonium concentrations were higher at 
RaS (33 ± 14 mmol m
-2
) than at ReS (20 ± 9 mmol m
-2
) and integrated chl a 
concentration was lower at RaS (24 ± 17 mg m
-2
) than at ReS (36 ± 22 mg m
-2
). 
3.2. Variability in microbial plankton biomass: trophic and size structure 
The observed variability in microbial plankton biomass at ReS (Fig. 3.4a, Table 3.1) 
was linked to the hydrographic variability (Fig. 3.2). Total microbial plankton biomass 
expressed as total carbon (TC) remained around 2.5 g C m
-2
 during autumn, spring and 
summer, contrasting with the winter situation when TC (0.69 ± 0.18 g C m
-2
) was 
substantially lower. Integrated autotrophic carbon biomass (AC) experienced continuous 
fluctuations over time, reaching highest values in autumn and spring.  
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3
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3
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(d) nitrate concentration (µmol kg
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), (e) ammonium concentration (µmol kg
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a concentration (mg m
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), at the reference station (ReS) during 4 seasons. 
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In contrast, integrated heterotrophic carbon biomass (HC) was characterized by lower 
variability, and only exceeded AC in summer (Fig. 3.4a, Table 3.1) due to the presence 
of the large heterotrophic dinoflagellate (HD) Noctiluca scintillans, which accounted for 
43 ± 15% of HC. Even though HC and AC were not related (r
2 
= 0.029, p > 0.05), both 
biomasses showed a significant linear relationship when the summer sampling, with the 
dominance of N. scintillans, was not considered.  (HC = [0.30 ± 0.11] + [0.17 ± 0.06] × 
AC; r
2 
= 0.32, p < 0.05).  
 
 
Changes in the size structure of the microbial plankton community were also evident 
(Fig. 3.4b). Microplankton dominated during 3 of the 4 periods: autumn, spring and 
summer. This dominance was especially noticeable in spring with microplankton 
accounting for 72 ± 8 % of TC. However, microplankton only accounted for 23 ± 9 % of 
TC in winter, when picoplankton grew in importance, representing 41 ± 4 % of TC. 
Variability was less evident in nanoplankton, which represented 24 ± 11 % of TC over 
time.  
Stn Season TC AC HC chl a 
ReS Autumn 2.63 ± 1.31 2.07 ± 1.27 0.56 ± 0.16 47 ± 23 
 Winter 0.69 ± 0.18 0.46 ± 0.12 0.23 ± 0.09 13 ± 4 
 Spring 2.82 ± 1.05 1.94 ±0.91 0.88 ± 0.32 49 ± 18 
 Summer 2.02 ± 0.75 0.80 ± 0.46 1.22 ± 0.47 34 ± 21 
RaS Autumn 0.99 ± 0.51 0.67 ± 0.42 0.32 ± 0.1 21 ± 15 
 Winter 0.49 ± 0.09 0.33 ± 0.08 0.17 ± 0.02 8 ± 2 
 Spring 2.04 ± 0.95 1.39 ± 0.79 0.65 ± 0.31 42 ± 19 
 Summer 1.30 ± 0.56 0.62 ± 0.4 0.68 ± 0.19 23 ± 11 
Table 3.1. Average (± 1SD) (g C m
-2
) biomass of total microbial plankton (TC), 
autotrophic plankton (AC), heterotrophic plankton (HC) and chl a concentration (mg m
-2
) 
integrated in the upper 12 m of the water column, for 4 seasonal periods at reference (ReS) 
and raft (RaS) stations. 
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Figure 3.4. Autotrophic (AC) and heterotrophic (HC) carbon biomass integrated in the 
upper 12 m of the water column, and contribution of picoplankton (Pico), nanoplankton 
(Nano) and microplankton (Micro) to total microbial plankton biomass at the  (a, b) 
reference station (ReS) and (c, d) raft station (RaS) during 4 seasons. 
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Differences were also detected regarding the trophic structure in each size fraction 
and across seasons (Figs. 3.5a-c). Within picoplankton, APP and heterotrophic 
picoplankton (HPP) biomasses showed low variability. HPP biomass slightly exceeded 
APP (Fig. 3.5a). In contrast, autotrophic nanoplankton biomass (ANP) exceeded the 
heterotrophic nanoplankton biomass (HNP) in all samplings (Fig. 3.5b). Microplankton 
exhibited high variability (Fig. 3.5c), with HMP lower than AMP biomass in autumn, 
winter and spring. The situation was totally different in summer, with HMP  representing 
Figure 3.5. Autotrophic (APP) and heterotrophic (HPP) picoplankton biomass, 
autotrophic (ANP) and heterotrophic (HNP) nanoplankton biomass, autotrophic (AMP) 
and heterotrophic (HMP) microplankton biomass integrated in the upper 12 m of the water 
column at the (a-c) reference station (ReS). Note the different y-axis scales. 
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73 ± 18 % of total microplankton biomass due to the presence of Noctiluca scintillans.  
 A significantly lower value of TC was detected at RaS when compared to TC at ReS 
(Fig. 3.4c, Table 3.1, Table 3.2). Especially important was the difference observed in 
autumn, when TC was 57 ± 20 % less at RaS, with both AC and HC being significantly 
lower. HC and AC showed a significant linear relationship at this RaS location (HC = 
[0.25 ± 0.08] + [0.27 ± 0.08] × AC; r
2 
= 0.33, p < 0.01). 
Figure 3.6. Autotrophic (APP) and heterotrophic (HPP) picoplankton biomass, 
autotrophic (ANP) and heterotrophic (HNP) nanoplankton biomass, autotrophic (AMP) 
and heterotrophic (HMP) microplankton biomass integrated in the upper 12 m of the water 
column at the (a-c) raft station (RaS). Note the different y-axis scales. 
 
 
28 31 4 7 11 1417 20 24 27 1 4
0
1
2
ANP
HNP
14 17 21 24 28 1 26 30 3 7 10 14
28 31 4 7 11 1417 20 24 27 1 4
0
1
2
APP
HPP
14 17 21 24 28 1 26 30 3 7 10 14
28 31 4 7 11 1417 20 24 27 1 4
0
2
4
6
AMP
HMP
14 17 21 24 28 1 26 30 3 7 10 14
Sep MayOct Apr Jun JulJan Feb
2007 2008 2008 2008
RaS
In
te
g
ra
te
d
 b
io
m
a
s
s
 (
g
 C
 m
-2
 )
Autumn Winter Spring Summer
a
b
c
Chapter 3 
 
66 
 
The size structure of the microbial community was different at RaS compared to ReS 
(Fig. 3.4d). Thus, the dominance of microplankton was not so evident at mussel-
influenced site, though it remained as the main component of the microbial community 
in spring and summer (57 ± 18 % of TC). Picoplankton exceeded nanoplankton in the 4 
samplings, with nanoplankton being the fraction of the microbial plankton with lower 
contribution to TC. 
 
 
 
K-W 
test 
Total Autumn Winter Spring Summer 
TC 0.011 0.016 0.055 0.337 0.078 
AC 0.021 0.016 0.078 0.262 0.522 
HC 0.035 0.010 0.078 0.200 0.055 
APP 0.063 0.262 0.337 0.150 0.631 
HPP 0.711 0.150 0.873 0.423 0.150 
ANP 0.007 0.025 0.078 0.025 0.631 
HNP 0.002 0.006 0.025 0.200 0.010 
AMP 0.061 0.025 0.150 0.423 0.337 
HMP 0.027 0.055 0.025 0.078 0.016 
Synech. 0.496 0.078 0.749 0.997 0.262 
APF 0.087 0.522 0.337 0.150 0.631 
Diatom 0.076 0.025 0.150 0.423 0.423 
HB 0.606 0.200 0.521 0.337 0.109 
HPF 0.180 0.109 0.423 0.631 1.000 
HD 0.041 0.010 0.004 0.337 0.037 
HCil 0.103 0.337 0.631 0.055 0.150 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Table 3.2. Results from Kruskal-Wallis tests for location (ReS vs RaS) and season 
(autumn, winter, spring and summer) effects on the microbial plankton community. 
Analyses were performed on biomasses integrated in the upper 12 m of the water column. 
Significant values are in bold (p < 0.05). Total microbial plankton (TC), autotrophic 
plankton (AC), heterotrophic plankton (HC), autotrophic picoplankton (APP), 
heterotrophic picoplankton (HPP), autotrophic nanoplankton (ANP), heterotrophic 
nanoplankton (HNP), autotrophic microplankton (AMP), heterotrophic microplankton 
(HMP), autotrophic picoflagellates (APF),  heterotrophic bacteria (HB), heterotrophic 
picoflagellates (HPF), large (> 20µm) heterotrophic dinoflagellates (HD), large (> 20µm) 
heterotrophic ciliates (HCil). 
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Within picoplankton both APP and HPP did not show significant differences (Table 
3.2) at RaS (Fig. 3.6a) in relation to the distribution and values registered at ReS (Fig. 
3.5a). However, within nanoplankton, HNP biomass was significantly lower at RaS (Fig. 
3.6b) than at ReS (Fig. 3.5b) in autumn, winter and summer, whereas ANP biomass was 
significantly lower only in autumn and spring (Table 3.2). Concerning microplankton 
(Fig. 3.6c), AMP experienced a significant reduction at RaS in autumn, when its biomass 
was 61 ± 41% lower than AMP biomass recorded at ReS. HMP biomass was also 
significantly lower in winter and summer at RaS, with a reduction of 54 ± 23 % in 
summer due to the lower abundance of Noctiluca scintillans (Table 3.2). At RaS, total 
nanoplankton (ANP + HNP) and total microplankton (AMP + HMP) showed decreases 
of 35 ± 22 % and 46 ± 32 % compare to ReS. 
3.3. Structure and variability of autotrophic microbial plankton 
community 
The autotrophic microbial plankton community at ReS was dominated by diatoms (49 
± 26 % of AC), ANP (30 ± 19 % of AC) and APP (17 ± 12 % of AC) (Fig. 3.7, Table 
3.3).  Total APP biomass was relatively stable over time, whereas variability was higher 
in ANP, with mean biomass in autumn doubling the values registered in the other 3 
samplings (Table 3.3). Nevertheless, the greatest variability was observed in diatoms 
(Fig. 3.7b, Table 3.3), with biomass values being particularly high in autumn and spring. 
APF dominated within APP, accounting for 89 ± 10 % of APP biomass. Synechococcus 
were only relatively important in autumn and winter. Much of the ANP biomass during 
winter (87 ± 8 %) and summer (76 ± 13 %) could be attributed to ANF (Fig. 3.7c). 
However, ANF only represented 48 ± 21 % of ANP in autumn, when the presence of an 
unidentified small centric diatom was important. This centric diatom accounted for 75 % 
of all ANP biomass on October 1, and was also an important part of the ANP community 
during the second half of the spring sampling. 
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The autotrophic microbial community at RaS was also dominated by diatoms, ANP 
and APP, together accounting for 98 ± 3 % of all AC (Fig. 3.8, Table 3.3). Nonetheless, 
the diatom biomass found at RaS was significantly lower (by 60 ± 43 %) than diatom 
biomass recorded at ReS during the autumn sampling (Table 3.2). On the other hand, 
ANP biomass was significantly lower at RaS during autumn (by 44 ± 25 %) and spring 
(by 50 ± 16 %) (Table 3.2; Table 3.3). During these 2 sampling periods, the small centric 
Figure 3.7. Synechococcus, autotrophic picoflagellates (APF), diatoms (> 20 µm), total 
autotrophic nanoplankton (ANP) and autotrophic nanoflagellates (ANF) biomass 
integrated in the upper 12 m of the water column at the (a-c) reference station (ReS). Note 
the different y-axis scales. 
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diatom found at ReS was not observed at RaS, and ANF were always the major 
component of the ANP biomass at RaS (Fig. 3.8c). 
Water column integrated AC and chl a (Table 3.1) were linearly related at ReS (AC = 
[-0.12 ± 0.2] + [40 ± 5] × chl a, r
2
 = 0.76, p < 0.001) and at RaS (AC = [0.07 ± 0.12] + 
[29 ± 4] × chl a, r
2 
= 0.69, p < 0.001), but in the latter case with a lower slope (AC: chl a 
= 29 ± 4). 
Figure 3.8. Synechococcus, autotrophic picoflagellates (APF), diatoms (> 20 µm), total 
autotrophic nanoplankton (ANP) and autotrophic nanoflagellates (ANF) biomass 
integrated in the upper 12 m of the water column at the (a-c) raft station (RaS). Note the 
different y-axis scales. 
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3.4. Structure and variability of heterotrophic microbial plankton 
community 
Within the heterotrophic community, HNP and HPP, the latter mainly composed of 
HB (81 ± 7 %; Table 3.4), showed low temporal variability at ReS (Fig. 3.9a). HB 
biomass was especially important in autumn and spring (Table 3.4), whereas HNP 
biomass, which was low in winter, remained relatively stable during the other three 
samplings (Table 3.4). HB and HNP jointly accounted for > 65 % of total HC in autumn 
and winter, but heterotrophic ciliates (HCil) in spring (45 ± 12 % of HC) and HD in 
summer (61 ± 10 % of HC) became more relevant (Fig. 3.9). An unidentified perithric 
ciliate and Noctiluca scintillans accounted for 54 ± 36 % of the HCil biomass and 72 ± 
23 % of the HD biomass in spring and summer, respectively. 
Although biomass values of HB registered at RaS (Fig. 3.9c) and at ReS (Fig. 3.9a) 
were not significantly different (Table 3.2), the biomass values of HNP and HD were 
significantly lower at RaS in autumn, winter, and summer (Fig. 3.9; Table 3.2; Table 3.4). 
The decline in HD biomass was particularly evident in summer (59 ± 21 %). As observed 
at ReS for this summer period, Noctiluca scintillans accounted for a substantial fraction 
(83 ± 8 %) of the total HD biomass at RaS. During the spring sampling, HCil 
experienced a remarkable reduction at RaS (Fig. 3.9b, d), when their mean biomass was 
half of that recorded at ReS (Table 3.4). 
4. DISCUSSION 
4.1. Microbial plankton community in the Ría de Vigo: importance of 
microplankton 
The size structure of the microbial plankton community reported in this study follows 
a similar pattern to that previously described for phytoplankton in the Ría de Vigo in 
studies based only on chl a fractionation (Cermeño et al. 2006, Arbones et al. 2008). 
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Figure 3.9. HB: heterotrophic bacteria; HNP: heterotrophic nanoplankton; HD: 
heterotrophic dinoflagellates; HCil: heterotrophic ciliates, integrated in the the upper 
12 m of the water column at the (a-b) reference station (ReS) and (c-d) raft station 
(RaS) during 4 seasons.  
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Microplankton clearly dominated in the microbial plankton community during 3 
(autumn, spring and summer) of the 4 hydrographic situations sampled, representing 64 
± 13 % of the microbial plankton biomass. Pico- and nanoplankton were part of the 
planktonic community throughout the year with a relatively constant biomass of 0.32 ± 
0.09 g C m
-2
 and 0.42 ± 0.23 g C m
-2
, respectively. These two fractions become more 
relevant during winter, when microplankton abundance decreased. This size structure 
contrasts with that described for the microbial plankton community in shelf waters in 
front of the Ría de Vigo (Espinoza-González et al. 2012) and in shelf waters of other 
upwelling systems (Böttjer & Morales 2007) where small plankton (< 20 µm) dominates 
and microplankton (mainly diatoms) is added in moments of intense upwelling. As small 
sized plankton (< 20 µm) is also present in the microbial plankton community of the Ría 
de Vigo, the main difference between the Ría and the adjacent continental shelf waters 
lies in the greater importance and continuous presence of microplankton in the Ría. 
Concerning the trophic structure (pigmented vs. unpigmented plankton) the microbial 
plankton community in the Ría de Vigo can be considered fundamentally autotrophic, 
particularly due to the contribution of AMP which considerably increased the autotrophic 
plankton biomass in autumn, spring and summer, when AC averaged 1.60 ± 1.06 g C m
-2
 
and AMP accounted for 62 ± 23 %. Although diatoms, ANP and APP were always 
present (Table 3.3), the largest variations in autotrophic biomass were due to changes in 
diatoms in spring and during intense upwelling events (autumn). This variability in the 
trophic structure throughout the year support previous studies based on oxygen 
production and respiration measurements (Moncoiffé et al. 2000, Cermeño et al. 2006, 
Arbones et al. 2008). Such studies show that the microbial community of Ría de Vigo as 
net autotrophic all year round, but approaching metabolic balance in winter, when the 
autotrophic and heterotrophic plankton biomass are balanced, diatoms are scarce (Table 
3.3, Fig. 3.7b) and pico- and nanoplankton attain higher importance (Fig. 3.4b). Again, 
this situation contrasts with that reported for the adjacent shelf (Espinoza-González et al. 
2012), where the microbial community is net heterotrophic but shifting to autotrophy in 
moments of intense upwelling (Teira et al. 2001). The summer sampling deserves a 
specific mention since during this sampling the heterotrophic biomass exceeded 
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autotrophic biomass (Fig. 3.4a) due to the presence of Noctiluca scintillans. The 
occurrence of this species took place in a moment of upwelling relaxation (Fig. 3.2), a 
time of the year (summer) when is common to find HD within the microbial plankton 
community (Figueiras et al. 2002). Upwelling relaxation causes a considerable slowing 
down in the circulation of the Ría that frequently favors the accumulation of 
dinoflagellates with swimming or floating capacity in surface waters (Fermín et al. 1996), 
as probably was the case for N. scintillans. 
The importance of microplankton and particularly the relevance of diatoms within the 
microbial community in the Ría de Vigo can be attributed to the high impact (frequency 
and intensity) that upwelling has on this coastal system. The estuarine circulation of the 
Ría and its bathymetric configuration, with depth continuously decreasing from its mouth 
towards the interior (Fig. 3.1), favors the intrusion of upwelled waters on the shelf along 
the bottom and the uplift of these waters at the inner part of the Ría (Figueiras et al. 2002, 
Crespo et al. 2007). In this way, even a weak upwelling that does not cause detectable 
response in the plankton on the continental shelf, however, provides the nutrients needed 
to trigger an appreciable response of the plankton community inside the Ría; a response 
that is mainly characterized by an increase in diatom abundance (Figueiras et al. 2002, 
Teixeira et al. 2011). Hence, the positive estuarine circulation of the Ría de Vigo 
together with its unique topography, contributes to intensify the effects of upwelling, 
promoting diatom growth and the export of organic matter to the adjacent shelf during 
the upwelling season (Tilstone et al. 2000, Crespo et al. 2007). Conversely, the 
dominance of smaller plankton cells in the Ría during winter indicates that the microbial 
loop prevails in this season (Teixeira et al. 2011), favoring the in situ remineralization of 
photosynthesized organic matter. 
4.2. Impact of mussel culture on microbial plankton community 
Our results show, through comparing chl a and TC values at RaS and ReS, that 
mussel culture significantly affects the microbial community in the Ría de Vigo. The 
significant decrease that we recorded in chl a concentration at RaS lies within the range 
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observed by Petersen et al. (2008) during a previous study conducted in the Ría de Vigo 
under summer stratification conditions and it is also comparable to that described for 
other culture areas (Ogilvie et al. 2000, Strohmeier et al. 2008). However, this result 
contrasts with that obtained by Trottet et al. (2008) in Grande-Entrée Lagoon (Canada), 
who reported not-significant mussel impact on phytoplankton and microbial 
heterotrophic plankton community. These authors considered that the low bivalve 
production (180 t yr
-1
) in the lagoon was responsible for the lack of impact on the 
microbial plankton community. In the Ría de Vigo, where we detected a significant 
impact on the microbial plankton community, mussel production (34.500 t yr
-1
) is 
substantially higher (Labarta et al. 2004). 
Our study also shows that in areas with mussels (RaS), there was a significant 
decrease in the biomasses of nanoplankton and microplankton, but not in the biomass of 
picoplankton (Fig. 3.4), which lead us to assume that the smallest plankton seems to be 
less efficiently retained on the gills of mussels and does not constitute a suitable food for 
them (Norén et al. 1999, Newell 2004, Petersen et al. 2008). This selective effect on 
microbial plankton was also observed in mesocosm experiments (Prins et al. 1997), 
where mussel feeding caused changes in phytoplankton composition leading to the 
predominance of the smallest fraction. Therefore, it can be concluded that the reduction 
in plankton biomass that we observed at RaS resulted in a modification in the size 
structure of the microbial planktonic community (Fig. 3.4b, d). In all cases, the reduction 
in biomass affected the main components of the population, regardless of its trophic 
nature (pigmented or unpigmented): diatoms during upwelling, diatoms and ANP in 
spring (Fig. 3.8b), and the heterotrophic dinoflagellate Noctiluca scintillans in summer 
(Fig. 3.9d). Furthermore, HCil also experienced a remarkable reduction in spring, just 
when their contribution to HMP was the highest (Fig. 3.9d). This fact would support the 
idea that HCil could constitute an important food source for mussels (Trottet et al. 2007). 
According to these results, we can infer that mussel culture exerts a “top-down” 
control over the microbial plankton population (Dame 1996), modifying its structure by 
consuming micro- and nanoplankton without affecting picoplankton. At the same time, 
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mussel farming could be exerting a “bottom-up” control on phytoplankton populations 
that escape mussel consumption (Prins et al. 1997, Newell 2004) by means of supplying 
regenerated nutrients, as suggested by the significantly higher ammonium levels 
recorded at RaS (Figs. 3.2 & 3.3). In this sense, chapter 2 of this thesis evidenced that 
ammonium excretion rates by Mytilus galloprovincialis generated ammonium excess in 
the mussel-farming zone. In addition, the lower AC:chl a ratio at RaS than at ReS points 
to an stimulation of phytoplankton growth at RaS, a view that supports our interpretation 
about a certain degree of bottom-up control of phytoplankton in the mussel zones. This 
view also agrees well with the results obtained in Grande-Entrée Lagoon-Canada (Trottet 
et al. 2008), which showed that the rates of primary production in the culture area were 
significantly higher than outside this zone. Similarly, the increase in nutrient availability 
due to mussel feeding activity probably allowed the relative higher phytoplankton 
growth rates recorded in mussel areas in Beatrix Bay in New Zealand (Ogilvie et al. 
2000) when outside the farming area there was nitrogen limitation. Even though this 
bottom-up control of phytoplankton is expected to be more effective in oligotrophic 
environments (Asmus & Asmus 1993), our results suggest that it could also exists in 
upwelling zones without nutrient limitation. 
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Chapter 4 
Mussel farming impact on the pelagic 
production and respiration rates in the Ría de 
Vigo (NW Iberian upwelling) 
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ABSTRACT 
The impact of mussel farming on the pelagic system in the Ría de Vigo was evaluated 
by analyzing size-fractioned chlorophyll a (chl a), size-fractionated primary production 
(PP) and microbial plankton metabolism. Two stations were compared under different 
oceanographic scenarios: a reference station (ReS) and a raft station (RaS) located 
outside and inside the farming area, respectively. At ReS, integrated PP was higher 
during upwelling (1.05 ± 0.45 g C m
-2
 d
-1
), with microphytoplankton (> 20µm) 
dominating both carbon fixation (74 ± 14 % of PP) and biomass (68 ± 16 % of chl a). 
However, nanophytoplankton (20 - 2 µm) and picophytoplankton (< 2 µm) became more 
relevant during winter, when integrated PP was significantly lower (0.24 ± 0.03 g C m
-2
 
d
-1
). The water column at ReS was always autotrophic with net community production 
(NCP) ranging from 186 ± 67 mm O2 m
-2
 d
-1
 during upwelling conditions to 43 ± 22 mm 
O2 m
-2
 d
-1
 in winter. At RaS, mussel activity caused a decrease in integrated chl a that did 
not affect picophytoplankton, indicating that small phytoplankton is not suitable food for 
mussels. We also observed a decrease in PP at RaS affecting the 3 size fractions, 
attributable not only to the decrease in chl a, but also to light attenuation in the raft area. 
Phytoplankton consumption and lower irradiance also caused the decrease in NCP at RaS, 
yet remained autotrophic, supporting the view that food does not limit mussel growth in 
the Ría de Vigo under the current environmental conditions. 
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1. INTRODUCTION 
Mussel culture is an important socioeconomic activity in the Rías Baixas of Galicia, 4 
inlets located on the northwest Iberian Peninsula (Fig. 4.1), with high density of mussel 
floating rafts (Figueiras et al. 2002). The culture of Mytilus galloprovincialis gives 
employment to 9.000 people directly and to 20.000 indirectly in the region, rendering a 
total mussel production of approximately 250 x 10
6 
kg y
-1
 (Labarta 1999, 2000). Rías 
Baixas is the region with the highest mussel production in Europe, which is promoted by 
sheltering conditions and coastal upwelling that, through nutrient supply, stimulates 
phytoplankton growth and so provides food of high quality to mussels (Blanton et al. 
1987, Pérez-Camacho et al. 1995, Figueiras et al. 2002, Chapter 2). 
Microbial plankton abundance and composition in the Rías Baixas show strong 
dependency on seasonal upwelling dynamics. From spring to autumn, upwelling events 
induce the dominance of large (> 20 µm) plankton (Figueiras et al. 2002, Chapter 3). 
Large diatoms prevail during the first half of the upwelling season, while heterotrophic 
microplankton (dinoflagellates and ciliates) acquire higher importance during the second 
half, as a consequence of plankton succession in temperate seas (Figueiras & Ríos 1993) 
that leads to the establishment of complex trophic relationships within the microbial 
community (Teixeira et al. 2011). In contrast, small plankton (< 20 µm) dominates 
during the downwelling season (winter) as result of the reduction in the abundance of 
large plankton rather than an increase in the abundance of small forms (Espinoza-
González et al. 2012, Chapter 3). These two contrasting situations are reflected on the 
degree of autotrophy-heterotrophy of the microbial plankton community (Cermeño et al. 
2006, Arbones et al. 2008). Autotrophy predominates with increased abundance of large 
phytoplankton (mainly diatoms) during the upwelling season; however, during the winter 
downwelling season, when large phytoplankton is scarce, the microbial plankton 
community is in metabolic balance or tends to be slightly heterotrophic.  
The excess of photosynthesized organic matter produced during the upwelling season 
(spring and summer) can support mussel growth in the Rías Baixas (Babarro et al. 2000a, 
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Figueiras et al. 2002). Studies conducted in the Ría de Vigo have shown strong 
dependence of mussel physiology on microbial plankton. Organic ingestion rates and 
particularly absorption efficiencies were positively related to microbial plankton carbon 
(Chapter 2) with mussel feeding rates achieving maximum values during the upwelling 
season. Comparative studies have also shown that mussels preferentially consume micro- 
and nanoplankton (Chapter 3). 
As mussel culture is an important seafood producing activity not only in European 
coastal waters (Smaal 2002) but also in other coastal zones around the world (Dame 
1996, Feng et al. 2004, Newel 2004), knowing the influence that this semi-wild culture 
has on ecosystem functioning is fundamental to improve its management. The study 
presented in this chapter complements our previous research on the impact that mussel 
culture exerts on the microbial plankton community in the Ría de Vigo (Chapter 2 and 3), 
by now considering the impact on size-fractionated carbon fixation and metabolic 
balance of the water column as well as the impact on size-fractionated chlorophyll a 
concentration. 
2. MATERIALS AND METHODS 
2.1. Sampling  
Two stations (ReS and RaS) were sampled in the Ría de Vigo, the southernmost of 
the Rías Baixas (Fig. 4.1), in 2007 and 2008 during 4 seasonal periods: autumn 
(September 17 to October 4), winter (January 28 to February 14), spring (April 14 to 
May 01) and summer (June 26 to July 14). The ReS, located in the central channel of the 
Ría far from the mussel farming area, was considered as a reference station. The RaS 
was situated within a group of mussel rafts and was sampled to characterize the influence 
of mussels on the microbial plankton community. The 2 stations were visited on board 
the R/V ‘Mytilus’ every 2 to 3 days during each sampling period to collect water samples 
at 5 depths (surface, 5, 10, 15 and 20 m). Sampling took place with an oceanographic 
rosette equipped with 12 Niskin bottles to which a CTD SBE 9/11 (Sea-Bird) was 
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attached. Subsamples were taken to determine nitrate and size-fractionated chlorophyll a 
(chl a) concentrations and to determine size-fractioned primary production and the 
metabolism of the microbial plankton community. 
 
 
 
 
 
 
 
 
 
 
 
 
2.2. Nitrate and size-fractioned chl a 
Nitrate concentrations (µmol kg
-1
) were determined by segmented flow analysis with 
Alpkem autoanalyzers (Hansen & Grasshoff 1983). Chl a samples were size fractioned 
by sequential filtration of 250 ml of seawater through polycarbonate filters of 20 µm 
(microphytoplankton), 2 µm (nanophytoplankton) and 0.2 µm (picophytoplankton) pore 
Figure 4.1. Ría de Vigo (NW 
Iberian Peninsula). Location 
of the mussel rafts: black 
polygons. Position of the 
reference site (ReS) and raft 
sampling site (RaS, inside a 
polygon):  ( ). 
 
Rías 
Baixas 
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size. The filters were frozen (-20 ºC) until pigments were extracted in 90% acetone over 
24 h in the dark at 4 ºC. Chl a concentrations (mg m
-3
) were estimated by measuring 
fluorescence of the pigment extracts in a Turner Designs fluorometer calibrated with 
pure chl a (Sigma).  
2.3. Size-fractioned primary production 
Size-fractionated primary production was measured by 
14
C uptake in 24 h in situ 
incubations at the 4 depths in the photic layer (surface, 5, 10 and 15 m) with 3 light 
flasks and 2 dark flasks inoculated with 5.5 x10
5
 Bp (15 µCi) of NaH
14
CO3. Following 
incubation, samples were size fractioned by sequential filtration through polycarbonate 
filters of 20, 2, 0.2 µm pore size and the filters were immediately exposed to HCl fumes 
for 12 h to eliminate unincorporated inorganic 
14
C. The incorporated radioactivity (dpm) 
was estimated in a liquid scintillator counter using the external standard and the channel 
ratio methods to correct for quenching. 
2.4. Microbial plankton metabolism 
Metabolism of the microbial plankton community was determined through oxygen 
production and consumption in 24 h in situ light-dark bottle incubations. At each of the 4 
photic depths (surface, 5, 10 and 15 m) 4 light and 4 dark Winkler bottles were clamped 
in a specially constructed plexiglas holder. Only 4 dark samples were incubated at the 
aphotic depth of 20 m. For initial dissolved oxygen concentrations at each depth, 3 
additional subsamples were taken and immediately fixed. Dissolved oxygen 
concentration in all bottles was determined with an automatic Winkler tritation system. 
Net community production (NCP) is the increase of oxygen concentration in the light 
bottles in relation to the initial concentration; community respiration (CR) is obtained 
from the decrease in oxygen concentration in the dark bottles in relation to the initial 
concentration; gross primary production (GPP) is estimated by the addition of the oxygen 
consumed during respiration (CR) to NCP; GPP = NCP + CR. 
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2.5. Ekman Transport 
Ekman transport (-Qx, m
3
 s
-1
 km
-1
), an estimate of the volume of water upwelled per 
kilometre of coast, was calculated following Bakun (1973): 
- Qx = - [(ρa C|V|)/(f ρsw)] Vy               (1) 
where ρa is the air density (1.22 kg m
-3
) at 15 ºC, C is an empirical drag coefficient (1.3 x 
10
-3
, dimensionless), |V|  is the daily mean value of the module (m s
-1
) of  northerly 
winds (Vy) registered by the Silleiro buoy deployed on the shelf in front of the Ría de 
Vigo by ‘Puertos del Estado’, f  is the Coriolis parameter (9.95 x 10-5 s-1) at 43 ºN and ρsw  
is the density of seawater (1025 kg m
-3
). Positive values of -Qx indicate the 
predominance of northerly winds responsible for upwelling within the Ría, while 
negative values are related to downwelling induced by southerly winds. 
2.6. Presentation of results and statistical analysis 
Total and size-fractionated chl a concentration, total and size-fractionated primary 
production and rates of oxygen production and respiration are shown integrated over a 12 
m water column. This is the length of the ropes holding mussels in the rafts and so 
comparisons between ReS and RaS stations are made for the environment directly 
affected by mussels. Although values integrated over the entire water column were 
higher than the values integrated over the upper 12 m, the correlation between both 
values was always strong for all variables (r
2
 > 0.82; p < 0.001), indicating that the 
pattern of variability for all variables did not change below 12 m depth.    
A non-parametric analysis of variance (Kruskal-Wallis test) was utilised to test for 
significant effects of season (autumn, winter, spring and summer) and mussels (location: 
ReS vs. RaS) on chl a, primary production and metabolism of the microbial plankton 
community. Pairwise comparisons were made with the Dunn-Bonferroni post-hoc test. 
Statistical analysis was performed using SPSS software. 
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3. RESULTS 
3.1. Hydrographic scenario 
The hydrographic conditions found during this sampling were previously analyzed in 
detail by Chapter 3, showing that the thermohaline properties and nitrate concentrations 
measured at ReS were not significantly different to those recorded at RaS (Kruskal-
Wallis test, n = 240, p ≥ 0.57). Briefly, the 4 study periods reflected the seasonal 
variability usually found in the region (Fig. 4.2). During the autumn sampling, the 
structure of the water column evolved from an upwelling of cold and nutrient rich 
subsurface water (< 14 ºC) to downwelling conditions. During this downwelling 
relatively high levels of nitrate (> 6 µmol kg
-1
) were recorded in the water column due to 
river runoff (data not shown). During winter, winds were weak, especially for the second 
half of the sampling. At this time, nitrate levels were high (> 5 µmol kg
-1
) in a 
homogenous water column. In spring, when the water column progressed from well-
mixed to stratified conditions, the nitrate concentration was appreciably lower than in 
winter. Typical upwelling conditions occurred during the summer sampling with intense 
upwelling-favorable winds alternating with relaxation periods. Upwelling favorable 
winds caused the advection of cold (< 14 ºC) and nutrient-rich water (> 5 µmol kg
-1
) that 
turned into a thermally stratified water column with low nutrient levels at the surface as 
winds relaxed. 
3.2. Total and size-fractioned chl a 
Integrated total chl a at ReS showed considerable temporal variability (Fig. 4.3). 
Mean values were high in autumn (61 ± 27 mg chl a m
-2
) and spring (66 ± 30 mg chl a 
m
-2) but were significantly lower (p ≤ 0.005) in winter (17 ± 5 mg chl a m-2). Average 
concentration was also high in summer (43 ± 26 mg chl a m
-2
) though differences with 
winter values were not significant. The > 20 µm size-fraction was responsible for the 
variability observed in total chl a. Thus, this size-class showed significant differences (p 
≤ 0.007) between the values recorded in winter and those measured in spring and autumn.  
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The mean chl a concentration in the > 20 µm fraction was high in autumn (43 ± 25 mg 
chl a m
-2
), summer (28 ± 21 mg chl a m
-2
) and namely in spring (52 ± 27 mg chl a m
-2
) 
(Fig. 4.4a), when this fraction accounted for 77 ± 10 % of the total chl a (Table 4.1). 
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Figure 4.2. (a) Upwelling index (× 10
3
 m
3
 s
-1
 km
-1
), (b) temperature (ºC), (c) nitrate 
concentration (µmol kg
-1
) at the reference station (ReS), (d) temperature (ºC) and (e) 
nitrate concentration (µmol kg
-1
) at the raft station (RaS), during 4 seasons. 
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The contribution of the > 20 µm size-class to total chl a was appreciably lower in 
winter (Table 4.1), albeit this was also the size-fraction with the highest mean 
concentration (7 ± 3 mg chl a m
-2
) in this period (Fig. 4.4a). The < 2 µm size-class 
exhibited the lowest chl a concentration (5 ± 2 mg chl a m
-2
) during the 4 periods (Fig. 
4.4a), but accounted for a substantial portion (26 ± 3%) of the total chl a in winter (Table 
4.1). Chl a values in the fraction corresponding to nanophytoplankton (2-20 µm) were 
between these two extremes, with an annual average concentration of 10 ± 5 mg  m
-2
 (Fig. 
4.4a) representing 26 ± 12 % of total chl a (Table 4.1). However, differences among 
periods for the integrated chl a concentration in both pico (< 2 µm) and 
nanophytoplankton (2 - 20 µm) fractions were not significant.  
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Figure 4.3. (a) Size-fractioned chlorophyll a (chl a) concentration integrated in the 
upper 12 m of the water column during each sampling period at (a) reference (ReS) and 
(b) raft (RaS) stations.  
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Integrated values of total chl a were lower at RaS than at ReS (Fig. 4.3) and the 
decrease was particularly important in autumn (p < 0.05) with a reduction of 50 ± 25 % 
in total chl a. This reduction primarily occurred in the > 20 µm fraction (p < 0.05), which 
showed in autumn a concentration at RaS (19 ± 16 mg chl a m
-2
), less than a half of the 
concentration recorded at ReS; however, the > 20 µm size-class still accounted for the 
largest amount of total chl a at RaS during autumn, spring and summer (Fig. 4.4b, Table 
4.1). In contrast, the 2 - 20 µm size-class (36 ± 2 % of the total chl a) and < 2 µm size-
class (35 ± 4 % of the total chl a) attained more importance in winter (Table 4.1), when a 
change in the size-structure of chl a occurred (Fig. 4.4b).  
 
 
 
 
 
 
 
 
 
 
 
 
Stn Season chl a Pico chl a Nano chl a Micro 
ReS Autumn 10 ± 6 21 ± 10 69 ± 14 
 Winter 26 ± 3 36 ± 4 39 ± 7 
 Spring 8 ± 4 16 ± 8 77 ± 10 
 Summer 10 ± 7 31 ± 14 59 ± 20 
 All periods 14 ± 9 26 ± 12 61 ± 19 
RaS Autumn 13 ± 9 26 ± 8* 61 ± 15* 
 
Winter 35 ± 4 36 ± 2* 29 ± 6* 
 
Spring 6 ± 4 14 ± 8 80 ± 11 
 
Summer 16 ± 10 38 ± 18 46 ± 23 
 
All periods 17 ± 13 29 ± 14** 54 ± 24 
Table 4.1. Average (± SD) values of the contributions (%) of 
picophytoplankton (< 2 µm), nanophytoplankton (2-20 µm) and 
microphytoplankton (> 20 µm) to total integrated chlorophyll a (chl a) in the 
upper 12 m of the water column during each sampling period (n = 6) and for 
all periods (n = 24) at reference (ReS) and raft (RaS) stations 
 
*p < 0.05; **p < 0.01; denote significant differences between ReS and RaS 
(Kruskal-Wallis test). 
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At RaS the microfitoplankton fraction (> 20 µm) showed the lowest chl a 
concentration during winter (Fig. 4.4b, Table 4.1) representing a mean decrease of 46 ± 
16 % of chl a concentration in this fraction at ReS. Chl a concentrations in the < 2 µm 
fraction at RaS and ReS were not significantly different for the 4 sampling periods (0.06 
≥ p ≥ 0.58). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. (a) Average (± SD) values of size-fractioned chlorophyll a (chl a) 
concentration integrated in the upper 12 m of the water column during each sampling 
period (n = 6) at (a) reference (ReS) and (b) raft (RaS) stations.  
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3.3. Total and size-fractioned primary production 
Total primary production at ReS (Fig. 4.5a) displayed continuous fluctuations during 
autumn, spring and summer, in close relation to the variability observed in hydrographic 
conditions (Fig. 4.2). The best example of this extreme variability was found in summer, 
when the maximum value of primary production recorded on July 14 (2.0 g C m
-2
 d
-1
) 
occurred only 7 days after measuring the minimum value (0.17 g C m
-2
 d
-1
). Despite this 
variability, average primary production during these 3 periods (autumn, spring and 
summer) was relatively high (1.05 ± 0.45 g C m
-2
 d
-1
). In contrast, primary production in 
winter (0.24 ± 0.04 g C m
-2
 d
-1
) showed less variability (Fig. 4.5) and was significantly 
lower (p ≤ 0.03) than in the other three periods.  
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Figure 4.5. (a) Size-fractioned primary production (PP) integrated in the upper 12 m of 
the water column during each sampling period at (a) reference (ReS) and (b) raft (RaS) 
stations.  
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Size-fractionated primary production at ReS (Fig. 4.6a) followed a similar trend to 
previously described for chl a (Fg. 4.4a). Primary production in the > 20 µm fraction, 
which was significantly lower (p ≤ 0.03) in winter than in the other 3 sampling periods, 
was responsible for the variability exhibited by total primary production (Fig. 4.6a). This 
was also the size-class with the highest contributions to total primary production during 
the 4 periods (Fig. 4.6), mainly in spring when accounted for 85 ± 4 % of total primary 
production (Table 4.2). Primary production of pico- (< 2 µm) and nanophytoplankton (2-
20 µm) and their contribution to total carbon fixation was noticeably lower in all 
sampling periods (Fig. 4.6a, Table 4.2).  
 
 
 
 
 
 
 
 
 
 
 
Stn Season PP_Pico PP_Nano PP_ Micro 
ReS Autumn 11 ± 5 19 ± 16 70 ± 21 
 Winter 22 ± 4 29 ± 6 49 ± 9 
 Spring 7 ± 2 8 ± 3 85 ± 4 
 Summer 10 ± 5 24 ± 12 66 ± 16 
 All periods 13 ± 7 20 ± 13 67 ± 19 
RaS Autumn 15 ± 9*** 16 ± 8** 68 ± 16* 
 Winter 35 ± 6*** 29 ± 3** 35 ± 8** 
 Spring 5 ± 2*** 6 ± 3** 89 ± 4* 
 Summer 13 ± 12*** 23 ± 14* 64 ± 26 
 All periods 17 ± 14*** 18 ± 12*** 64 ± 25* 
*p < 0.05; **p < 0.01; ***p < 0.001 denote significant differences between ReS and 
RaS (Kruskal-Wallis test). 
 
Table 4.2. Average (± SD)  values of the contributions (%) of picophytoplankton (< 
2 µm), nanophytoplankton (2-20 µm) and microphytoplankton (> 20 µm) to total  
integrated primary production (PP) in the upper 12 m of the water column during 
each sampling period (n = 6) and for all periods (n = 24) at reference (ReS) and raft 
(RaS) stations. 
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Total primary production at RaS was 63 ±14 % lower (p < 0.001) than at ReS (Fig. 
4.5) and this decrease occurred in all three size fractions (Fig. 4.6b). Nevertheless, 
phytoplankton > 20 µm remained as the size-class with highest contributions in autumn, 
spring and summer (Fig. 4.6b, Table 4.2). In contrast, the 3 size-classes showed similar 
contributions (~ 33%) to total primary production during winter (Fig. 4.6b, Table 4.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. (a) Average (± SD) values of size-fractioned primary production (PP) 
integrated in the upper 12 m of the water column during each sampling period (n = 6) at 
(a) reference (ReS) and (b) raft (RaS) stations.  
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3.4. Metabolism of the microbial plankton community 
Variability in GPP determined at ReS was large (Fig. 4.7a), ranging from 18 mmol O2 
m
-2
 d
-1
 measured in summer to 292 mmol O2 m
-2
 d
-1
 recorded in autumn with the highest 
average GPP (Fig. 9a) registered in autumn (226 ± 68 mmol O2 m
-2
 d
-1
). Mean GPP 
significantly decreased (p < 0.01) in winter (47 ± 19 mmol O2 m
-2
 d
-1
) and increased 
again in spring (105 ± 35 mmol O2 m
-2
 d
-1
). Mean GPP was also relatively high during 
the first half of the summer sampling (138 ± 45 mmol O2 m
-2
 d
-1
) but markedly decreased 
during the second half (29 ± 12 mmol O2 m
-2
 d
-1
), when particularly low values were 
measured (18 and 27 mmol O2 m
-2
 d
-1
 on July 7
th
 and 10
th
, respectively) (Fig. 4.7a). 
Community respiration (CR) also showed significant (p < 0.05) seasonal variability at 
ReS (Fig. 4.7c, 4.9a) with minimum values in winter (4 ± 4 mmol O2 m
-2
 d
-1
) that 
progressively increased throughout spring (14 ± 14 mmol O2 m
-2
 d
-1
) and summer (28 ± 
23 mmol O2 m
-2
 d
-1
) to reach maximum values in autumn (40 ± 27 mmol O2 m
-2
 d
-1
). 
Likewise, NCP exhibited significant variability (p < 0.01) at ReS (Fig. 4.7b, 4.9a). 
Average NCP in autumn (186 ± 67 mmol O2 m
-2
 d
-1
) doubled the mean NCP in spring 
(92 ± 35 mmol O2 m
-2
 d
-1
) and was 3-fold (56 ± 76 mmol O2 m
-2
 d
-1
) and 4-fold (43 ± 22 
mmol O2 m
-2
 d
-1
) that determined in summer and winter, respectively. Microbial plankton 
community was clearly autotrophic during the 4 sampling periods (Fig. 4.9a), though 
slight heterotrophy was observed during the second half of the summer sampling period 
(on 7
th
 and 10
th
 July, Fig. 4.7b) when a sharp decrease in GPP occurred (Fig. 4.7a). 
There were no significant differences (p ≥ 0.42) for CR values recorded at RaS and at 
ReS (Figs. 4.7c, 4.9). In contrast, both GPP (75 ± 55 mmol O2 m
-2
 d
-1
) and NCP (49 ± 54 
mmol O2 m
-2
 d
-1
) measured in autumn at RaS showed a significant (p < 0.05) decrease of 
~ 65% in relation to the values determined at ReS (Fig 4.9). Although GPP and NCP did 
not show significant differences in winter, spring and summer both rates were lower at 
RaS than at ReS (Fig. 4.9). Negative NCP (-17 mmol O2 m
-2
 d
-1
) was recorded at RaS on 
April 17 when CR was relatively high (Fig 4.8b, c). 
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As NCP informs on the amount of primary production that is not utilized by the 
microbial community and GPP represents the total primary production, the ratio 
NCP:GPP provides an estimate of the fraction of primary production available to be 
exported from the microbial plankton community without causing its collapse. Values of 
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Figure 4.7. Gross primary production (GPP), net community production (NCP) and 
community respiration (CR) integrated in the upper 12 m of the water column during each 
sampling period at (a,b,c) reference (ReS) station. 
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this ratio (Table 4.3), which is analogous to the f-ratio (Eppley & Peterson 1979), reveal 
that the microbial community in summer had a variable export capacity (f-ratio = 0.46 ± 
0.43) that was about a half of the export capacity (p < 0.01) during the other 3 periods (f-
ratio ≥ 0.82). Table 4.3 also shows that, although differences between the f-ratios 
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Figure 4.8. Gross primary production (GPP), net community production (NCP) and 
community respiration (CR) integrated in the upper 12 m of the water column during each 
sampling period at (a,b,c) raft (RaS) station. 
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recorded at ReS and at RaS were not significant, the average f-ratio at RaS (0.65 ± 0.35) 
was slightly lower than the mean f-ratio at ReS (0.76 ± 0.29). 
 
 
 
 
 
 
 
 
4. DISCUSSION 
4.1. Seasonal variability in the size structure of chl a and primary 
production 
The range in total chl a concentration (13-125 mg chl a  m
-2
) reported for the station 
without mussel influence (ReS), which was characterized by low values in winter and 
high values during the upwelling season, is similar to the variability previously described 
for microbial plankton biomass in the zone (chapter 3). This range of variability in total 
chl a concentration is also comparable to the ranges reported by other studies conducted 
in the Ría de Vigo (Cermeño et al. 2006, Arbones et al. 2008) and other Galician Rías 
(Bode & Varela 1998). As other coastal upwelling systems (Iriarte & González 2004, 
Season ReS RaS 
Autumn 0.82 ± 0.14 0.55 ± 0.30 
Winter 0.89 ± 0.12 0.90 ± 0.12 
Spring 0.87 ± 0.11 0.67 ± 0.35 
Summer 0.46 ± 0.43 0.38 ± 0.47 
All periods 0.76 ± 0.29 0.65 ± 0.35 
Table 4.3. Average (± SD) values of f-ratios (NCP/GPP) for 
the microbial plankton community in the upper 12 m of the 
water column during each sampling period (n = 6) and for 
all periods (n = 24) at reference (ReS) and raft (RaS) 
stations. 
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Wilkerson et al. 2006, Lassiter et al. 2006) variations in chl a concentration in the Ría de 
Vigo during the upwelling season (autumn, spring and summer) were mainly due to 
variations in chl a in the > 20 µm size-fraction, in which diatoms dominated (Chapter 3). 
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Figure 4.9. Average (± SD) values of gross primary production (GPP), net community 
production (NCP) and community respiration (CR) during each sampling period (n = 6) at 
(a) reference (ReS) and (b) raft (RaS) stations.  
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In fact, during this study variability in total autotrophic carbon (ACT, data in Chapter 
3) was related to variability in the chl a concentration in the > 20 µm size-fraction (chl 
a>20) according to the following equation: (ACT = [0.20 ± 0.17] + [35 ± 4] × chl a>20; r
2
 = 
0.77, p < 0.001). As this relationship is not extremely different to that obtained for AC>20 
and chl a>20 (AC>20 = [- 0.12 ± 0.13] + [31 ±3] × chl a>2; r
2
 = 0.81, p < 0.001), it can be 
concluded that changes in chl a concentration in the Ría de Vigo were basically 
associated with variations in microphytoplankton (diatoms) biomass. 
Low values of carbon fixation during the downwelling season (winter) and higher 
values during the upwelling season (spring to autumn) is a pattern already reported for 
the Ría de Vigo (Tilstone et al. 1999, Cermeño et al. 2006, Arbones et al. 2008) and for 
other eastern boundary upwelling systems (Iriarte & González 2004) and it was due to 
variability in carbon fixation by phytoplankton > 20 µm, which was substantially higher 
during upwelling season. Both minimum (0.17 g C m
-2
 d
-1
) and maximum (2 g C m
-2
 d
-1
) 
values of carbon fixation recorded during this study are similar to those reported for 
Chilean upwelling (0.2-1.9 g C m
-2
 d
-1
, Montecino et al. 2004) and are somewhat lower 
to the range of values reported for NW Africa (0.2-2.3 g C m
-2
 d
-1
, Morel et al. 1996) and 
California (0.5-2.6 g C m
-2
 d
-1
, Pilskaln et al. 1996).  
The mean value of carbon fixation determined for the upwelling season during this set 
of observations in the Ría de Vigo (1.05 ± 0.45 g C m
-2
 d
-1
) was appreciably lower than 
the mean value estimated with 
14
C short-time incubations in the Galician Rías (2.5 ± 2.8 
g C m
-2
 d
-1
) but was similar to net community production estimated for the Ría de Vigo 
(Álvarez-Salgado et al. 2010). Thus, it can be assumed that our in situ incubations of 24h 
would be providing estimates close to NCP while short-time incubations would estimate 
GPP. This assumption underpins by the fact that carbon fixation (mol C m
-2
 d
-1
) was not 
significantly different (p = 0.21, t-test for two samples) to NCP (mol C m
-2
 d
-1
) assuming 
a photosynthetic quotient PQ = 1. In addition, the average PQ = 1.39 ± 0.97 estimated 
from direct NCP (mol O2 m
-2
 d
-1
) to carbon fixation (mol C m
-2
 d
-1
) ratios was not 
significantly different ( p = 0.95) to the maximum theoretical value of 1.4 given by Laws 
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(1991). In contrast, the mean PQ = 1.93 ± 0.71 mol O2 mol C
-1
 estimated from direct 
GPP to carbon fixation ratios is significantly higher (p < 0.01) than 1.4. 
Dominance of phytoplankton > 20 µm in both abundance and photosynthetic activity 
from spring to autumn differs from which is habitually found in the adjacent shelf 
(Lorenzo et al. 2005, Espinoza-González et al. 2012) where pico- and nanophytoplankton 
prevail. Dominance of large phytoplankton in the Rías is explained by the intensification 
of upwelling in the Ría interior, which occurs because of the unique combination of its 
bathymetry (shallower in the inner part) and its positive estuarine circulation that favors 
the subsurface intrusion of cold and nutrient rich deep shelf water in the interior of the 
Ría (Tisltone et al. 2000, Crespo et al. 2007). All of this triggers the development of a 
short microbial food web based on large diatoms, resulting in an excess of 
photosynthesized organic matter ready to be exported to higher trophic levels (Teixeira et 
al. 2011) and so converting the Ría into a suitable ecosystem for mussel farming 
(Figueiras et al. 2002).  
4.2. Metabolic balance of the water column 
Following the temporal pattern previously described by Arbones et al. (2008), GPP 
and NCP at ReS also exhibited seasonal variability characterized by low values in winter 
and high values during the upwelling season, from spring to autumn. Highest values of 
GPP and NCP obtained in autumn (Fig. 4.9a) were comparable to those formerly 
reported by Moncoiffé et al. (2000) for upwelling conditions. Almost always positive 
values of NCP highlight the predominance of autotrophy in the microbial plankton 
community during the 4 sampling periods. The slight heterotrophy detected on 7 and 10 
July (NCP = -14 and -2 mmol O2 m
-2
 d
-1
, Fig. 4.7b) occurred when the large 
heterotrophic dinoflagellate Noctiluca scintillans was present in the Ría (Chapter 3), 
accounting for 43 ± 15% of the total heterotrophic biomass and 40 % of the total 
microbial plankton biomass. Therefore, we can consider that almost certainly Noctiluca 
scintillans was responsible for the decrease in GPP recorded during the second half of 
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this summer sampling (Fig. 4.7a) as well as for the shift from autotrophic to 
heterotrophic status. 
The two variables, NCP and GPP, showed a positive and significant linear 
relationship (NCP = [- 7.9 ± 7.57] + [0.88 ± 0.05] × GPP; r
2
 = 0.93, p < 0.001), with the 
intercept being not significant. The non-significance of the intercept indicates that 
autotrophy was virtually permanent in the microbial plankton community, while the 
slope of the regression points to the high export capacity (88% of GPP) of this microbial 
community. Autotrophy and covariation of GPP and NCP were possible because CR was 
very low (21 ± 16 mmol O2 m
-2
 d
-1
). This average CR was considerably lower than the 
mean value obtained in previous studies conducted in the Ría de Vigo (Arbones et al. 
2008) and in other coastal zones (Smith & Kemp 1995, Eissler & Quiñones 1999, 
Hitchcock et al 2000). CR was especially low in winter (4 ± 4 mmol O2 m
-2
 d
-1
), resulting 
in the highest export capacity (f-ratio, Table 4.3) of the microbial plankton community. 
This uncommon winter can be explained by a 34% decrease in heterotrophic bacteria 
(HB), compare to the other 3 periods (autumn, spring and summer) (Chapter 3). As HB 
can account for 85% of total microbial plankton respiration (Espinoza-González et al. 
2012), the decrease in HB could well be responsible for the low CR determined in this 
winter. This unusual autotrophic winter points to the occurrence of the onset of the 
spring bloom, and not so representative of winter conditions, as previously captured by 
Arbones et al. 2008. 
4.3. Mussel influence on phytoplankton community and microbial 
metabolism 
Previous studies conducted in the Ría de Vigo (Petersen et al. 2008, Chapter 3) and in 
other mussel culture areas (Ogilvie et al. 2000, Strohmeier et al. 2008, Cranford et al. 
2014) have shown that mussel activity causes significant decreases in chl a concentration. 
Here we show that this decrease does not equally affect the 3 size-classes, with large 
size-classes being much more affected. The review by Ward & Shumway (2004) reveals 
that small particles (< 3 µm) are not effectively retained by bivalves and certainly our 
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results show that chl a  < 2 µm (picophytoplankton) fraction was not affected by mussels, 
while the decreases observed in the other two fractions (2 - 20 µm and > 20 µm) were 
apparently caused by mussel consumption at RaS (Fig. 4.4). The lack of significance of 
these decreases in spring and summer must be due to the high variability recorded in chl 
a concentrations during these two sampling periods (Fig. 4.3, 4.4). 
Although the percentage of chl a > 20 µm was lower at RaS than at ReS, the impact 
of mussel culture was not strong enough to cause a shift in the size-structure of chl a at 
RaS during 3 of the 4 seasons. Only during winter, when the 3 size-classes showed 
similar concentrations at ReS, the selective consumption by mussels on  the fraction > 20 
µm was able to induce a change in the size structure of the phytoplankton community, 
leaving microphytoplankton as a minor component (Fig. 4.4). This situation in winter is 
similar to that reported for other regions (Courties et al. 1994, Vaquer et al. 1996, Dupuy 
et al. 2000, Souchu et al. 2001, Cranford et al. 2008), where microphytoplankton is not 
so abundant and the selective consumption by bivalves can lead to dominance of 
picophytoplankton. 
The acute and significant decrease recorded in the carbon fixed by the 3 size-classes 
during the 4 studied periods at RaS (Fig. 4.6) cannot be exclusively attributed to 
reductions in chl a concentration in the raft area. Carbon fixation in the < 2 µm fraction 
was also lower at RaS that at ReS, while differences in chl a were not significant for this 
size-fraction due to the low retention efficiency of picophytoplankton by mussels (Norén 
et al. 1999, Newell 2004, Petersen et al. 2008). Therefore, we suppose that decreases in 
carbon fixation should also be attributed to stronger light attenuation that surely occurs in 
a raft zone where wooden beams and many hanging ropes exist. This contrasts with the 
increases in primary production reported for other culture zones based on ‘long-lines’ 
(Trottet et al. 2008), where probably there is no light limitation and regenerated 
ammonium supplied by mussel activity can stimulate carbon fixation (Chapter 2 and 3).  
Although mussel growth can be constrained at some places (Navarro et al. 1991) and 
time periods (Chapter 2), the dominance of the > 20 µm size-class in carbon fixation (Fig.  
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4.6b), as well as in chl a at RaS (Fig. 4.3, 4.4b) with relatively high concentrations, 
during the 3 productive periods (spring, summer and autumn) indicates that mussel 
pressure on phytoplankton community was not sufficiently strong to cause food 
limitation. This does not necessarily indicates that the Ría can support higher mussel 
production, because an increase in production could induce changes in environmental 
conditions (Smaal 2002, Otero et al. 2005, Alonso-Pérez et al. 2010, Mckindsey et al. 
2011) that could affect mussel culture sustainability.  
Concerning potential food limitation of mussel growth, it is also important to consider 
that the size-structure of the phytoplankton community responds to changes in 
environmental conditions. Thus, the phytoplankton community would be particularly 
affected by a climate change leading to a reduction in the upwelling season and/or to a 
decrease in upwelling intensity in the region (Álvarez-Salgado et al. 2008, Barton et al. 
2013). Less upwelling means less nutrients and this could induce a shift in the size-
structure of the phytoplankton community with picophytoplankton becoming the more 
relevant fraction during the productive season, from spring to autumn (Crespo et al. 
2012). Under this new situation, primary production will possibly decrease, dropping 
matter and energy transfer to higher trophic levels and thus turning the Ría into a system 
unable to maintain the current mussel production. 
Our results also show that mussel culture alters the metabolic balance of the microbial 
community. This influence basically occurs through the decrease of GPP due to 
phytoplankton consumption by mussels and through the light attenuation caused by raft 
structures. Microbial respiration appears to be unaffected, probably because respiration 
mainly takes place in heterotrophic picoplankton (heterotrophic bacteria), a plankton 
component that is not effectively removed by mussels. The most evident consequence of 
these two contrasting effects on GPP and CR was the decrease in NCP at RaS (Fig. 4.9), 
a reduction that was more pronounced when diatoms (microphytoplankton) prompted 
high GPP in the Ría (autumn and spring). This resulted in an appreciably lower export 
capacity (lower f-ratio) of the microbial plankton community at RaS than in waters far 
from mussel influence at ReS (Table 4.3); however, metabolism of the microbial 
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plankton community at RaS continued being autotrophic, supporting the view that food 
does not limit mussel growth under the current conditions. 
In summary, this study shows that the pelagic system at RaS remained autotrophic 
most of the time in spite of the decrease in micro- and nanophytoplankton caused by 
mussel consumption and the decrease in primary production due to light attenuation by 
raft structures. This indicates that in the present circumstances, mussel farming in the Ría 
de Vigo does not seem to suffer from food limitation. 
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Chapter 5 
Influence of mussel culture on the vertical 
export of phytoplankton carbon in a coastal 
upwelling embayment (Ría de Vigo, NW 
Iberia) 
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ABSTRACT 
The goal of this paper is to find out whether suspended mussel culture affects the 
vertical fluxes of biogenic particles in the Ría de Vigo on a seasonal scale. With this aim, 
vertical fluxes of particulate organic carbon (POC), and the magnitude and composition 
of vertical export of phytoplankton carbon (Cphyto) collected in sediment traps, were 
examined by comparing data obtained inside a mussel farming area (RaS), with those 
found at a reference station (ReS) not affected by mussels. Our results indicate that 
mussel farming has a strong impact on sedimentation fluxes under the rafts, not only 
increasing POC flux, but also altering the magnitude and composition of Cphyto fluxes. 
Average POC flux at RaS (2564 ± 1936 mg m
-2 
d
-1
) was 4 times higher than at ReS (731 
± 276 mg m
-2 
d
-1
), and much of this increase was due to biodeposit fluxes (Cbiodep) 
which accounted for large proportion of POC flux (35-60%). Indeed, because of this high 
Cbiodep flux, only a small proportion of the POC flux was due to Cphyto flux (3-12 %). 
At the same time, we observed an increased sedimentation of phytoplankton cells at RaS 
that could be explained by a combination of mechanisms: less energetic hydrodynamic 
conditions under mussel rafts, ballast effect by sinking mussel feces and diatoms 
aggregates. Moreover, mussel farming also altered the quality of the Cphyto flux by 
removing part of the predatory pressure of zooplankton, and thus matching diatom 
composition in water column and sediment traps. 
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1. INTRODUCTION 
Mussels are filter-feeders that clear large amounts of phytoplankton and other 
organic and inorganic particles suspended in the water column, repacking them into 
rapidly sinking fecal pellets (Jaramillo et al. 1992). This feeding behavior enhances the 
sedimentation in farming areas (Dahbläck & Gunnarsson 1981), diverting primary 
production and energy flow from planktonic to benthic food webs (Dame 1996, Cranford 
et al. 2003) and potentially enriching the underlying sediments with organic matter 
(Callier et al. 2006, Giles et al. 2006, Cranford et al. 2009). To quantify this 
sedimentation flux and knowing its plankton composition is necessary to improve our 
management of coastal areas with significant mussel farming activity. 
The Rías Baixas are four coastal embayments located on the NW Iberia (Fig. 5.1), 
where mussel is cultured on intensive scale (Figueiras et al. 2002). For these coastal 
inlets influenced by upwelling, it has been observed a strong connection between size 
structure and metabolic balance of the microbial plankton community, so that the 
autotrophy degree of the Rías was higher with greater contribution of larger 
phytoplankton (Cermeño et al. 2006, Arbones et al. 2008). The dominance of 
microplankton (> 20 µm), especially diatoms, for much part of the year is associated 
with high values of net community production (NCP), which implies a high export 
capacity of biogenic carbon outside the microbial community (Tremblay & Legendre 
1994, Smith & Kemp 1995, Buesseler 1998). But under mussel rafts, the lower 
irradiance that cause the decrease in gross primary production (GPP), and the 
consumption of large sizes of microbial plankton by mussels (Chapter 3) has been related 
with the decrease in NCP in the raft area (Chapter 4). This ability of mussel culture to 
affect primary production and metabolic balance of the microbial community would 
presumably result in a reduction in the export capacity of the microbial plankton 
community as a consequence of mussel farming.  
To date, most studies about sedimentation of organic matter in the NW Iberian 
upwelling region (Bode et al. 1998, Olli et al. 2001, Varela et al. 2004, Alonso-Pérez et 
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al. 2010) focused on the magnitude of vertical fluxes of particulate organic carbon (POC). 
Recently, Zúñiga et al. (2011) showed that phytoplankton carbon flux (Cphyto) 
accounted for up to 49 % of total POC flux in the Ría de Vigo during the summer 
upwelling, supporting the hypothesis that sedimentation of phytoplankton living cells 
may become an important component of POC flux (Fowler & Knauer 1986, Turner 
2015). The few available studies about sedimentation under mussel rafts in the Galician 
Rías showed vertical fluxes of POC significantly higher than those outside the mussel 
influence zone (Cabanas et al. 1979, Tenore et al. 1982, Alonso-Pérez et al. 2010, Zúñiga 
et al. 2014). Moreover, Zúñiga et al. (2014) found a strong relationship between seasonal 
variability in biodeposition of mussels and variability in sedimentation rates under the 
rafts in the Ría de Ares-Betanzos. However, mussel culture influence on phytoplankton 
sedimentation in the Rías remains unknown. 
In this regard, our study aims to evaluate for the first time how mussel culture 
influences the quality of POC fluxes in the Ría de Vigo. To this end, we examined the 
magnitude and composition of Cphyto fluxes collected in sediment traps, in relation to 
the size structure and composition of the phytoplankton community in the water column. 
The results from this study provide new information about the role played by mussel 
culture on the carbon cycle in this coastal upwelling region.  
2. MATERIALS AND METHODS 
2.1. Characterization of the water column and vertical export  
In the framework of the Spanish project RAFTING (Impact of mussel raft culture on 
the benthic-pelagic coupling in a Galician Ría), 24 oceanographic cruises were carried 
out between 2007 and 2008, covering the four seasonal periods characteristic of the 
region, autumn (September 17 to October 4), winter (January 28 to February 14), spring 
(April 14 to May 01) and summer (June 26 to July 14). During these sampling periods, 
daily water column observations were carried out on board R/V ‘Mytilus’ at 2 stations in 
the Ría de Vigo: a reference station (ReS), located in the central channel of the Ría, and a 
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raft station (RaS) placed in a raft polygon (Fig. 5.1). At both sampling stations water 
samples were collected at nominal depths (surface, 5, 10, 15 and 20 m), using a CTD  
SBE 9/11 (SeaBird) fitted to an oceanographic rosette equipped with 12 Niskin bottles, 
for determining particulate organic carbon (POC), chlorophyll a (chl a) and 
phytoplankton biomass. Concentration values of POC, chl a and phytoplankton biomass 
in the water column, are presented integrated over the first 12 m depth, coinciding with 
the length of the ropes where mussels grow. 
Vertical fluxes of particulate matter were measured by means of a sediment trap 
system MULTITRAP, with 4 cylindrical collectors with a height/diameter ratio of 10.8. 
At both stations, collectors were placed at a depth of 13 m, without adding any 
preservative and filled with a saline solution (5 psu in excess) to prevent water exchange 
with outside waters. Sediment traps remained moored for 24 h at ReS and 3 h at RaS. 
The efficiency in capturing sediments by collectors depends on the flow velocity. Baker 
et al. (1988) estimated that with currents less than 12 cm s
-1
, the fluxes of matter 
collected by a sediment trap are equivalent to those collected by a drift trap. In our study, 
current meters mounted on the sediment traps recorded speeds below 12 cm s
-1
 for more 
than 90 % of the mooring time (Villacieros-Robineau, pers. comm.), so we assume that 
potential biases in sedimentation fluxes are very low. 
Samples for the analysis of POC, both in the water column (250 ml) and sediment 
traps (200 ml), were filtered through GF/F Whatman filters (0.7 µm pore size), 
previously weighed and combusted at 450 ºC (4 h). Filters, after being dried overnight, 
were stored frozen until analysis. POC final concentrations were obtained using a 
PERKIN_ELMER 2400 CNH elemental analyzer, including daily acetanilide standards. 
The accuracy of the method is ± 0.3 µmol C l
-1
.  
Chl a concentration was determined by filtering samples of water column (250 ml) 
and sediment traps (200 ml) trough GF/F Whatman filters. Immediately after filtration, 
filters were frozen (-20 ºC) until analysis. Prior to analysis, the filters were immersed in 
90 % acetone, leaving them for 24 h in darkness at 4 ºC for pigment extraction. The final   
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concentration of chl a was determined by measuring the fluorescence of the extracted 
pigments using a Turner Designs Fluorometer calibrated with pure chl a (Sigma 
Chemical).  
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Figure 5.1. Location map of the Ría de Vigo, showing the 2 sampling sites (  ): 
reference (ReS) and raft (RaS) stations. Raft polygons are shown as blue areas. 
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From every depth of the water column and from two of the four sediment trap 
collectors, 100 ml samples were collected to estimate the abundance and biomass of 
living phytoplankton cells in the water column and in the sediment traps. Samples were 
preserved in iodine solution and depending on chl a concentration, between 5 and 100 ml 
of sample were settled using sedimentation chambers. An inverted microscope was used 
for counting and identification of phytoplankton cells, reaching the species level 
whenever possible. For simplicity, we apply the term phytoplankton to denote the set of 
autotrophic and heterotrophic plankton identified by this means. The smaller species (< 
20 µm) were counted doing one or two perpendicular transects with 400x magnification, 
medium individual (20 - 50 µm) were counted in one or two perpendicular transects 
using 200x magnification and larger organisms within phytoplankton (> 50 µm) were 
counted by scanning across the board with 100x magnification. At least 500 cells were 
counted in each sample. Cell biovolumes were calculated as recommended by Hillebrand 
(1999) and the biovolumes of diatoms and dinoflagellates were converted into carbon 
biomass according to Strathmann (1967). However, the estimation of cell carbon in 
Noctiluca scintillans was conducted by applying the correction suggested by Tada et al. 
(2000). Cellular carbon in flagellates, other than dinoflagellates, was estimated according 
Verity et al. (1992) and in ciliates according Putt & Stoecker (1989). Unfortunately, due 
to technical problems encountered during autumn sampling, we do not have the data set 
of chl a flux at ReS station, nor chl a and Cphyto flux at RaS during this period.  
2.2. Ekman transport and Runoff 
We analyzed the intensity of upwelling based on the upwelling index, which was 
estimated using the component (-Qx, m
3
 s
-1
 km
-1
) of the Ekman transport, that is 
perpendicular to the coast and hence equivalent to the surface water outflow from the Ría, 
following Bakun (1973): 
 - Qx = - [(ρa C|V|)/(f ρsw)] Vy                                        (1) 
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where ρa is the air density (1.22 kg m
-3
) at 15 ºC, C is an empirical coefficient of drag 
(1.3 x 10
-3
, dimensionless), |V|  is the daily mean value of the module of the wind stress 
(m s
-1
) of northerly component (Vy) registered by the Silleiro buoy deployed on the shelf 
in front of the Ría de Vigo by ‘Puertos del Estado’, f  is the Coriolis parameter (9.95 x 
10
-5 
s
-1
) at 43 ºN and ρsw  is the density of seawater (1025 kg m
-3
). Positive values of - Qx 
indicate the predominance of northerly winds responsible for upwelling within the Ría, 
while negative values are related to downwelling induced by southerly winds. 
Continental runoff into the inner part of the Ría de Vigo (Qr, m
3
 s
-1
) is dominated by 
the discharge from the river Oitavén-Verdugo (Fig. 5.1). Daily flows were provided by 
‘Aguas de Galicia’ (the company in charge of the management of urban waters). The 
natural component of the flow per unit area was calculated according to the empirical 
equation of Ríos et al. (1992). 
2.3. Statistical analysis 
To detect the significant differences between the observed sedimentation fluxes at 
ReS and at RaS, the non-parametric analysis of variance (Kruskal-Wallis test) was used. 
Statistical analysis was performed using the statistical software SPSS. 
3. RESULTS 
3.1. Biogeochemical properties of the water column at ReS 
The observed variability in integrated POC, chl a and Cphyto concentrations at ReS 
for the four study periods (Fig. 5.2, Table 5.1) was closely linked with the hydrographic 
changes previously analyzed in detail in the previous chapters. The highest seasonal 
average POC concentration occurred in autumn (3531 ± 803 mg m
-2
, Table 5.1), when 
transition from upwelling to downwelling conditions took place (Fig. 5.2a). 
Concentrations of Cphyto and chl a followed a similar pattern to POC, with continuous 
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fluctuations as a result of changes in upwelling intensity. In this period, the contribution 
of Cphyto amounted on average about a half of POC (55 ± 32 %). Diatoms were the 
largest biomass contributors to Cphyto (66 ± 22 %), with an outstanding presence of 
Chaetoceros socialis (Fig. 5.4). Specifically, the maximum chl a value registered on 
October 1 during strong downwelling conditions, coincided with a significant increase in  
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Figure 5.2. (a) Times series of upwelling index (UI, m
3
 s
-1
 km
-1
, black bars) and river 
outflow (Qr, m
3
 s
-1
, golden bars), (b) particulate organic carbon (POC), phytoplankton 
carbon (Cphyto), and chlorophyll a (chl a) integrated concentrations in the water column 
at the reference station (ReS). Units (mg m
-2
). Bar plots show the temporal evolution of 
the main phytoplankton groups in the water column expressed in terms of (c) biomass (mg 
m
-2
) 
 
                                                                                  Mussel culture and vertical export of phytoplankton  117 
 
117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
phytoplankton biomass, mainly composed of diatoms (87%), particularly of 
Thalassiosira sp., which converted this species in the second in importance during this 
season (Fig. 5.4). On the contrary, the ensuing cessation of downwelling resulted in a 
sharp phytoplankton biomass reduction, with a change in community composition. 
Diatoms stopped being the major components and small flagellates (26 %) and ciliates 
(31 %) constituted more than half of phytoplankton biomass (Fig. 5.2c). 
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). Bar plots show the temporal evolution of the main 
phytoplankton groups in the water column expressed in terms of (c) biomass (mg m
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During winter, the studied variables recorded annual minimum concentrations. 
Average POC in winter (1923 ± 443 mg m
-2
) was almost half of average POC obtained 
for the other three sampling periods (Table 5.1). Along with low chl a concentration (17 
± 5 mg m
-2
), phytoplankton biomass also decreased compared to the other seasons, so its 
contribution to POC (11 ± 4 %) was considerably reduced. Diatoms continued to be the 
major component of phytoplankton community, with a biomass contribution of 53 ± 8 %. 
The most prominent representative was the chain-forming species Skeletonema cf. 
costatum (Fig. 5.4). 
POC concentration showed a great variability during spring, peaking on April 17 
under low wind but high mixing conditions, and during the second half of sampling, 
following intense river runoff (Fig. 5.2a). Cphyto (2294 ± 1057 mg m
-2
) and chl a (66 ± 
30 mg m
-2
) concentrations followed a similar pattern, reaching the highest average values 
of all periods (Fig. 5.2b). Under these conditions, POC was largely made up of Cphyto 
(67 ± 20 %). Despite a considerable contribution of ciliates (24 ± 13 %), diatoms 
biomass dominated (67 ± 14 %). However, the community composition changed under 
the different environmental conditions. Detonula pumila was the species that contributed 
the most under low wind-high mixing conditions, while Chaetoceros curvisetus 
flourished associated with strong river discharge, both species being the two most 
important during this sampling period (Fig. 5.4). 
In summer, the three biogeochemical variables followed a similar evolution 
modulated by alternation of upwelling and relaxation events. Average concentrations and 
Cphyto:POC ratio were lower than in autumn and spring. Although dinoflagellates 
contributed only 28 ± 25 % in abundance, they provided most of the biomass (62 ± 
13 %), due to the contribution of the oversized dinoflagellate Noctiluca scintillans (Fig. 
5.4). 
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3.2. Sedimentation flux at ReS 
Flux of POC barely fluctuated during autumn (640 ± 100 mg m
-2 
d
-1
;
 
Table 5.2) 
despite changes in upwelling conditions (Fig. 5.3). Similarly, Cphyto flux was high and 
steady, being the largest contribution to POC for the four studied periods (23 ± 12 %). 
Diatoms accounted for 49 ± 15 % of biomass collected in the sediment traps. The 
remaining biomass was mainly distributed between dinoflagellates (29 ± 9 %) and 
ciliates (17 ± 13 %). Clearly, the composition of the trapped material changed under the 
different environmental conditions. Chaetoceros socialis, Chaetoceros curvisetus and 
Asterionellopsis glacialis provided most of the biomass while the upwelling lasted. 
However, ciliates, dinoflagellates cysts and Thalassiosira sp. accounted for more than a 
half of the phytoplankton biomass in October, after the strong downwelling (Fig. 5.3c, 
5.4). 
The POC flux during winter (633 ± 183 mg m
-2 
d
-1
) hardly differed from the autumn 
one, but it reached minimum seasonal values for Cphyto (55 ± 15 mg m
-2 
d
-1
) and  chl a 
(4 ± 1 mg m
-2 
d
-1
 ; Table 5.2). Therefore, Cphyto content in POC flux (10 ± 4 %) was 
also low during this period. More than half of phytoplankton cells collected in the traps 
was diatoms (57 ± 27 %), mainly of Skeletonema cf. costatum (Fig. 5.4).  
The variability in POC, Cphyto and chl a fluxes during spring was much more 
marked than in previous periods. Average POC flux (924 ± 445 mg m
-2 
d
-1
) was the 
annual highest and followed a similar evolution to suspended POC (Fig. 5.2b). 
Unfortunately, we have no Cphyto flux values for the first spring sampling day, but it 
can be seen an increase in chl a flux for the next sampling day (25 mg m
-2 
d
-1
), associated 
to high Cphyto flux (273 mg m
-2 
d
-1
). Thereafter, chl a flux showed greater variability 
than Cphyto flux, which was relatively low and constant. Under these conditions and 
given the large POC flux of this period, Cphyto:POC ratio was similar to that found in 
winter (11 ± 6 %). Moreover, there was a high contribution of diatoms biomass (60 ± 
20 %), modulated by the hydrographic conditions. Detonula pumila and Leptocylindrus 
danicus were the species that provided more biomass at the beginning, under mixing  
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conditions, while the diatom Chaetoceros curvisetus thrived associated to large river 
input (Fig. 5.4). 
Variability in POC, Cphyto and chl a fluxes for the summer sampling (Fig. 5.3b), 
resembles the variability observed for these variables in the water column (Fig. 5.2b). 
Average summer POC flux was high (728 ± 185 mg m
-2 
d
-1
), though not as much as the 
spring one. However, average Cphyto flux (115 ± 84 mg m
-2 
d
-1
) was slightly higher than 
in the previous sampling, resulting in a Cphyto:POC ratio considerably higher but quite 
variable (18 ± 17 %). As occurred in the water column, diatoms provided an important 
part of biomass flux (43 ± 24 %), especially Leptocylindrus danicus, Lauderia annulata 
and Chaetoceros spp. Dinoflagellates became more important during this period, 
contributing 38 ± 22 % of the biomass flux (Table 5.2), mostly due to Noctiluca 
scintillans (Fig. 5.4). 
3.3. Biogeochemical properties of the water column at RaS 
During autumn, suspended POC concentration at RaS (2526 ± 666 mg m
-2
) was on 
average 27 ± 17 % lower than at ReS (Fig. 5.5, Table 5.1), being the only period with 
significant differences in POC concentration between the two sampling stations 
(Kruskal-Wallis test, p < 0.05). Likewise, Cphyto (508 ± 369 mg m
-2
) and chl a (28 ± 19 
mg m
-2
) concentrations at RaS were significantly lower than at ReS. These changes 
resulted in a considerable reduction in the Cphyto:POC ratio at RaS (20 ± 11 %). Despite 
the general decline in Cphyto, diatoms continued to contribute the most to biomass (59 ± 
15 %). During the first half of the sampling, there was a strong presence of Chaetoceros 
socialis (Fig. 5.4, 5.5c). However, the shift to downwelling conditions in the second half, 
as in ReS, resulted in a greater presence of other plankton groups (Fig. 5.5c). 
During winter, POC (1650 ± 344 mg m
-2
), Cphyto (130 ± 41 mg m
-2
) and chl a (11 ± 
3 mg m
-2
) concentrations in the water column at RaS were the annual minima and 
generally lower than at ReS. Furthermore, Cphyto:POC ratio at RaS (8 ± 3 %) was even 
lower than at ReS (Table 5.1). Also, the proportion of diatom biomass at RaS decreased  
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(48 ± 10 %), though Skeletonema cf. costatum remained the most important species (Fig. 
5.4). 
In spring, the studied biogeochemical variables showed no significant differences 
between RaS and ReS. It was also the period in which the highest concentrations of POC 
(3111 ± 427 mg m
-2
), Cphyto (1575 ± 941 mg m
-2
) and chl a (54 ± 19 mg m
-2
) were  
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Figure 5.5. (a) Times series of upwelling index (UI, m
3
 s
-1
 km
-1
, black bars) and river 
outflow (Qr, m
3
 s
-1
, golden bars), (b) particulate organic carbon (POC), phytoplankton 
carbon (Cphyto), and chlorophyll a (chl a) integrated concentrations in the water column 
at the raft station (RaS). Units (mg m
-2
). Bar plots show the temporal evolution of the main 
phytoplankton groups in the water column expressed in terms of (c) biomass (mg m
-2
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reached at RaS. Under these conditions, about half of POC was attributable to Cphyto 
(49 ± 26 %), a contribution slightly lower than that observed at ReS, with diatoms 
accounting for > 70 % of the biomass. Similarly to ReS, Detonula pumila was the most 
important species during this period (Fig. 5.4), especially during the first half of the 
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Figure 5.6. (a) Times series of upwelling index (UI, m
3
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-1
 km
-1
, black bars) and river 
outflow (Qr, m
3
 s
-1
, golden bars), (b) particulate organic carbon (POC), phytoplankton 
carbon (Cphyto), and chlorophyll a (chl a) vertical fluxes (mg m
-2
 d
-1
) at the raft station 
(RaS). Units (mg m
-2
). Bar plots show the temporal evolution of the main phytoplankton 
groups in the water column expressed in terms of (c) biomass (mg m
-2
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sampling. Chaetoceros curvisetus was the other important species in the period (Fig. 5.4) 
in association with ciliates during the second half. 
During summer, POC, Cphyto and chl a concentrations in the water column at RaS 
showed a similar variability to ReS, albeit with less intense fluctuations. The Cphyto at 
RaS (739 ± 520 mg m
-2
) was significantly lower than at ReS (Kruskal-Wallis test, p < 
0.05). This reduction of Cphyto (by 48 ± 21 %), without significant differences in POC 
(Kruskal-Wallis test, p > 0.05), meant that Cphyto:POC ratio in the water column at RaS 
(35 ± 26 %) was lower than at ReS. The proportion of dinoflagellates at RaS was high, 
and Noctiluca scintillans was the species that contributed the most to the biomass during 
this period (Fig. 5.4) as observed at ReS.  
3.4. Sedimentation flux at RaS 
Average POC flux at RaS during autumn (2507 ± 2031 mg m
-2 
d
-1
) far exceeded the 
flux recorded at ReS (Table 5.2). Maximum POC flux values were recorded at the 
beginning of the period, and decreased to four times its value for the second half (Fig. 
5.6b). Unfortunately, we only have data of Cphyto and chl a fluxes at RaS for the first 
autumn sampling day. 
In winter, average POC flux (1203 ± 975 mg m
-2 
d
-1
) at RaS (Fig. 5.6, Table 5.2) was 
the lowest of the year and showed no significant differences with ReS (Kruskal-Wallis 
test,  p > 0.05). Nor we did find significant differences in chl a flux, which was very 
similar at the two stations. Nevertheless, Cphyto flux at RaS (22 ± 14 mg m
-2 
d
-1
) was 
significantly lower than at ReS (Kruskal-Wallis test, p < 0.05) and its contribution to 
POC (3 ± 4 %)  was also substantially lower. Although Skeletonema cf. costatum was the 
species with the highest biomass in the water column (Fig. 5.4), more than half of the 
biomass flux at RaS (54 ± 23 %) was due to dinoflagellates and dinoflagellates cysts 
(Table 5.2, Fig. 5.4). 
During spring, the highest seasonal average fluxes of POC (3958 ± 1871 mg m
-2 
d
-1
), 
Cphyto (412 ± 269 mg m
-2 
d
-1
) and chl a (125 ± 101 mg m
-2 
d
-1
) were recorded, being 
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significantly higher than at ReS (Kruskal-Wallis test, p < 0.05). However, while POC 
and chl a fluxes followed a similar fluctuating evolution, Cphyto flux remained much 
more constant over time. Moreover, its contribution to POC flux (12 ± 5 %) was 
relatively low during this period and similar to ReS. In terms of biomass, diatoms were 
the main contributors to Cphyto flux (77 ± 15 %), with Detonula pumila and 
Chaetoceros curvisetus frequently appearing in the sediment traps at RaS (Fig. 5.4), D. 
pumila being most common during the first half of the sampling and Ch. curvisetus in 
the second half, under the influence of continental inputs. 
In summer, POC flux (2590 ± 2026 mg m
-2 
d
-1
) was highly variable at RaS and 
significantly higher than at ReS (Kruskal-Wallis test, p < 0.05). However, Cphyto flux at 
RaS (182 ± 135 mg m
-2 
d
-1
) was not significantly different from ReS. Consequently, 
Cphyto:POC ratio at RaS was lower (10 ± 12 %). As at ReS, diatoms provided an 
important part of the biomass collected in sediment traps (39 ± 26 %), especially the 
species Chaetoceros curvisetus, Lauderia annulata, Leptocylindrus danicus and 
Coscinodiscus sp. Dinoflagellates maintained a high biomass flux at RaS (49 ± 23 %), 
higher than at ReS (38 ± 22 %), whose foremost representative remained Noctiluca 
scintillans (Fig. 5.4). 
4. DISCUSSION 
4.1. Vertical export of phytoplankton carbon 
Considering that the structure and composition of the microbial community in the 
ocean involves a certain degree of autotrophy of the system and therefore a certain export 
capacity (Smith & Kemp 2001, Cermeño et al. 2006, Arbones et al. 2008), in this study 
we focused on unravelling to what extent changes in quantity and quality of 
phytoplankton biomass in the water column can modulate the vertical export of organic 
carbon outside the photic layer, and how this export is modified by the presence of 
mussel farming. 
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The present study showed that the seasonal variability of suspended POC  (Fig. 5.7a, 
Table 5.1) was not reflected in the magnitude of POC vertical flux, since it remained 
relatively constant with an annual average of 731 ± 276 mg m
-2 
d
-1
, and with no 
significant differences between periods (Fig. 5.7b, Table 5.2). These results agree with 
those published by Zúñiga et al. (2011), showing a POC flux in the Ría de Vigo (1085 ± 
365 mg m
-2 
d
-1
) slightly higher than ours, but with a comparable range of variability. 
However, we did find variability in the composition of POC collected in the traps, due to 
variability in Cphyto flux (Fig. 5.7b, c). In this way, between 9 and 31 % of POC flux at 
ReS was due to Cphyto flux, similar to previous published results for the Ría de 
Pontevedra and Vigo (2 - 26%), (Varela et al. 2004, Zúñiga et al. 2011). Likewise, 
diatom contribution to vertical Cphyto flux varied over the different periods (35 - 69 %). 
This seasonal variation in quantity and quality of Cphyto points to a vertical flux 
modulated by the different composition of phytoplankton community in the water 
column and the changing oceanographic scenarios (Fig. 5.8). 
In fact, during our study year the two contrasting situations regarding export capacity 
of phytoplankton living cells corresponded to the autumn and winter cruises. The largest 
Cphyto fluxes at ReS were achieved during the upwelling to downwelling autumn 
transition, associated with the presence of large and chain-forming diatoms, responsible 
for the high export capacity of the system. In this way, initial upwelling conditions 
favored diatoms bloom followed by subsequent sinking of chain-forming species 
(Chaetoceros socialis, Chaetoceros curvisetus and Asterionellopsis glacialis). However, 
after the strong downwelling, the high biomass of dinoflagellate cysts in the traps (Fig. 
5.8b) point to intense material resuspension (Villacieros-Robineau et al. 2013). By 
contrast, during the winter mixing, annual minimum concentration of Cphyto resulted in 
the lowest Cphyto fluxes of the year. Nevertheless, the proportion of diatoms in the traps 
(57 ± 27 %) reflected Cphyto composition in the water column (Fig. 5.7a, b), where long 
chains of the diatom Skeletonema cf. costatum were vertically exported favored by water 
column mixing (Fig. 5.8).  
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Figure 5.7. Stacked bars plot showing the relative contribution of diatoms (striped 
blue, % blue number) to Cphyto (blue), and the relative contribution of Cphyto (% white 
number) to POC (gray), both in the water column (mg C m
-2
) at refererence (a, ReS) and 
raft (d, RaS) stations, and in the sediment traps (mg C m
-2 
d
-1
) at reference (b, ReS) and 
raft (e, RaS) stations. Below (c, ReS) and (f, RaS) zoom on the relative contribution of 
diatoms flux to Cphyto flux, showing the different oceanographic scenarios: the first half 
of autumn (aut-1), the second half of autum (aut-2), winter (win), the first half of spring 
(spr-1), the second half of spring (spr-2) and summer (sum). 
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In between these two contrasting cases of minimum Cphyto flux for winter and 
maximum for autumn, the intermediate export capacities for the spring and summer 
cruises also responded to prevailing hydrodynamic conditions (higher or lower degree of 
stratification) and the composition of the microbial community. At the beginning of the 
spring sampling, long chains of diatoms predominated in the water column, (Detonula 
pumila and Leptocylindrus danicus) associated to mixing conditions (Fig. 5.8a). These 
large and chain-forming species present a high export capacity, being identified in the 
sinking material together with dinoflagellates cysts, which indicated the occurrence of 
surface sediment resuspension (Fig. 5.8b). Thus, an extra contribution of allochthonous 
POC was provided so that the contribution of Cphyto to POC collected in the traps was 
relatively low (14 ± 5 %, Fig. 5.7b). The subsequent thermohaline stratification resulted 
in the proliferation of the chain-forming diatom Chaetoceros curvisetus (Fig. 5.8a). 
However, the proportion of Cphyto in the traps (9 ± 6 %) was even lower than during the 
previous days (Fig. 5.7b). This relatively low value could be related with the 
morphologically favored buoyancy of Ch. curvisetus (Margalef 1978, Tilstone et al. 2000, 
Acuña et al. 2010), but also with intense water column stratification that hinders vertical 
flux, and favors the potential horizontal offshore advection as a result of the positive 
circulation reinforced by river discharge (Varela et al. 1991, Castro et al. 1994). 
Under conditions of summer upwelling relaxation, as captured in this study, 
accumulation of dense dinoflagellates populations have been observed (Figueiras et al. 
2002), partly due to dinoflagellates buoyancy or swimming ability (Fermín et al. 1996). 
This competitive advantage likely favored the accumulation of the oversized 
heterotrophic dinoflagellate Noctiluca scintillans during the summer sampling (Fig 5.8a). 
However, the contribution of Cphyto to POC in sediment traps (18 ± 17 %, Fig. 5.7b), 
was relatively low compared with water column (54 ± 33 %, Fig. 5.7a), indicating that an 
important part of the fixed carbon was not vertically exported, being probably consumed 
by the large heterotrophic Noctiluca scintillans (Kiørboe et al. 1998, Tiselius & Kiørboe 
1998). Nonetheless, large and chain-forming diatoms, especially Chaetoceros socialis, 
Lauderia annulata and Leptocylindrus danicus, did contributed significantly to the 
Cphyto in the settled material (43 ± 24 %), (Fig. 5.7b, 5.8b).  
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Figure 5.8. Schematic evolution of the phytoplankton annual cycle with the major 
phytoplankton species for each sampling period, both in biomass in the water column (a, 
ReS), (b, RaS) and carbon flux collected by sediment traps (c, ReS), (d, RaS). Redrawn 
according to the seasonal scheme provided by Figueiras et al. (2002). 
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Thus, the structure and composition of phytoplankton community, together with 
hydrodynamic processes modulate the vertical export of biogenic particles in the Ría de 
Vigo. The largest Cphyto fluxes at ReS were achieved during the autumn transition from 
upwelling to downwelling conditions, associated with high NCP (186 ± 67 mmol O2 m
-2
 
d
-1
; Chapter 4), and the presence of large and chain-forming diatoms, responsible for the 
high export capacity of the system. By contrast, during the winter mixing we found lower 
Cphyto fluxes associated with a lesser degree of autotrophy (43 ± 22 mmol O2 m
-2
 d
-1
). 
4.2. Influence of mussel farming in vertical export of phytoplankton 
carbon 
Studies conducted to date in the Galician Rías show an increase in sedimentation rates 
in the rafts area (Cabanas et al. 1979, Tenore et al. 1982, Alonso-Pérez et al. 2010, 
Zúñiga et al. 2014) due to mussel biodeposits flux. Our results corroborates these 
previous works, since we have observed an average POC flux at RaS (2564 ± 1936 mg 
m
-2 
d
-1
) 4 times higher than at ReS (731 ± 276 mg m
-2 
d
-1
). At the same time and in 
contrast to the pattern observed at ReS, the magnitude of the POC flux at RaS varied 
seasonally (Fig 5.7e, Table 5.2). In this context, our study is the first to analyze in detail 
the seasonality in POC sedimentation under a mussel raft. 
If we consider that much of the POC flux collected by sediment traps in the raft area 
was due to the contribution of biodeposits, the variability in the biodeposits flux could 
explain the observed variability in the POC flux at RaS. In this regard, little is known 
about the relative contribution of mussel biodeposits to vertical sedimentation fluxes, 
despite being essential to understand the influence of mussel farming in the ecosystem. 
Giles et al. (2006) indicated that between 6 and 14 % of the sediment flux in the farming 
area of a bay in New Zealand was due to mussel feces. In our study, to estimate the 
proportion of POC flux due to biodeposits at RaS, we distinguish three components of 
the POC flux collected by the sediment traps: biodeposits flux (Cbiodep), Cphyto flux 
measured in the sedimentation traps at RaS (Cphyto), and remaining particulate organic 
carbon flux (Crest), which we assume the same in the two sampling stations. 
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FluxCbiodep
RaS
 = FluxPOC
RaS
 – FluxCphyto
RaS
 - FluxCrest
ReS
       (2) 
In this way, the observed differences in POC flux between ReS and RaS would be 
due to differences in Cphyto and Cbiodep fluxes. Based on these calculations, Cbiodep 
flux accounted for 58 ± 32 % of the POC flux in spring, and for 60 ± 19 % in summer, 
being related with the significant increase of the POC flux observed in RaS regarding 
ReS in these periods (Kruskal-Wallis test, p < 0.05). On the contrary, during winter, with 
a lower estimated Cbiodep flux (35 ± 39 %), we did not find significant differences in 
the POC flux between the two sampling stations (Kruskal-Wallis test, p > 0.05). Overall, 
our values are higher than those provide by Giles et al. (2006), but in line with a greater 
mussel production in our study region. 
Indeed because of the high Cbiodep flux in the raft area, only a small proportion of 
the POC flux was due to Cphyto flux (3 - 17%), (Fig. 5.7e, Table 5.2). If we also 
consider the decline in NCP at RaS observed in Chapter 4, we may expect a lower 
Cphyto flux since it involves a smaller export capacity of the system. During winter, our 
assumption was met, with a significant reduction in the vertical exportation of Cphyto at 
RaS (Kruskal-Wallis test, p < 0.05), that would be related to the reduction in Cphyto 
biomass in the water column as consequence of mussel feeding (Fig. 5.7). By contrast, 
Cphyto flux at Ras was higher than at ReS during spring and summer (Fig. 5.7c, f), 
though the differences were only significant in spring (Kruskall-Wallis test, p < 0.05). In 
this context, we have identified a variety of mechanisms which would explain the 
increase in sedimentation of Cphyto at RaS. 
First of all, our observations lead us to think that Cphyto flux at RaS in spring and 
summer could have been favored by the less energetic hydrodynamic conditions in the 
raft area, due to the decrease in the current velocity when passing through culture ropes 
(Blanco et al. 1996, Newell & Richardson 2014). Moreover, based on the fact that a high 
Cbiodep flux occurred at RaS both in spring and summer samplings, and that the average 
size of mussel feces exceeds 200 µm (Giles & Pilditch 2004) we suggest that the settling 
of mussel feces could cause a ballast effect on other biogenic particles in the water 
column, increasing Cphyto fluxes. In principle, it can be expected that these mechanisms 
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affect more those species with greater tendency to settle, as occurred in summer for large 
(Coscinodiscus sp.) and chain-forming diatoms (Lauderia annulata), that sedimented 
more at RaS (Fig. 5.4, 5.8d). But even species, whose morphological characteristics give 
them some buoyancy as Noctiluca scintillans in summer and Chaetoceros curvisetus in 
spring and summer, recorded increased sedimentation at RaS (Fig 5.4). In the particular 
case of Ch. curvisetus we think that the quietest hydrodynamic conditions in the raft area 
could even favor the formation of aggregates (Kranck & Milligan 1988, Alldredge & 
Gotschalk 1989), resulting from increase the adherence between cells by producing 
exopolymers (Lancelot 1983, Kiørboe & Hansen 1993), and this could be a secondary 
factor contributing to explain the increase of sedimentation of this species at RaS (Fig. 
5.8d). 
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Figure 5.9. Time series of the relative contribution of diatoms to phytoplankton carbon 
(Cphyto) at reference (ReS) and raft (RaS) stations, both in the water column (white dots) 
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We also note that mussel farming not only altered the quantity of Cphyto flux, but 
also the quality, understood as the contribution of diatoms to Cphyto flux. At RaS, the 
proportion of diatoms in the traps was very similar to that found in the water column (Fig. 
5.9), and both proportions were significantly correlated (r
2 
= 0.73, p < 0.001). By contrast 
at ReS, a greater variability can be seen, and it is striking the loss of the relationship 
between proportions observed at ReS (r
2
 = 0.14, p < 0.05). One possible explanation for 
this lower variability at RaS, could be the reduction of zooplankton in the water column 
after being consumed by mussels (Maar et al. 2008). By removing the predatory pressure 
of zooplankton, feeding disturbance that zooplankters exerted on the distribution and 
composition of diatoms in the water column would be reduced, resulting in less 
variability in the composition of the vertical fluxes of diatoms collected in the sediment 
traps with regard to those found in the water column.  
In short, this is the first study that analyzes the Cphyto flux under a mussel raft and 
proposes a combination of mechanisms that explain the increased sedimentation of 
phytoplankton cells in this area. As a result of this increase at RaS, the relationship 
between NCP and Cphyto that existed at ReS was lost. Thus, despite the decline in NCP 
because of top-down control by mussels on phytoplankton and the light attenuation under 
rafts (Chapter 4), we observed export capacity increased in the raft area. Hence, our 
results indicate that mussel farming has a strong impact on sedimentation flux under the 
rafts, not only increasing the POC flux, but also altering the magnitude and composition 
of Cphyto fluxes. 
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This thesis presents the first comprehensive study about the influence of mussel 
culture on the microbial plankton community of the Ría de Vigo, which is critical to 
understand the role that mussels play on the functioning of this ecosystem. Because of 
their feeding behavior, mussels may influence their immediate environment, particularly 
in coastal and estuarine ecosystems with dense mussel populations. In performing 
feeding process, mussels remove from the water column a large variety of suspended 
microscopic particles of different quality and also release waste products as a result of 
incomplete digestion and metabolism. Consequently, mussels impact on the energy flow 
and nutrient cycling in these coastal and estuarine ecosystems with high mussel density, 
as studied for the Ría de Vigo. This section provides a brief review of the major findings 
of this thesis, highlighting their importance to improve management of mussel culture.  
Mussel production in the Rías Baixas is the highest in Europe and one of the most 
important in the world (Labarta 2000, Figueiras et al. 2002). Following this assertion one 
question that naturally arises is: which singularities does this region possess that makes it 
so productive? As explained in Chapter 1, the answer lies on its sheltered conditions and 
the intermittent coastal upwelling events that, through nutrient supply, stimulates 
phytoplankton growth an so provides food of high quality for mussels (Blanton et al. 
1987, Pérez-Camacho et al. 1995, Figueiras et al. 2002). But, what can it be considered 
food of high quality for mussels? Among the wide range of organic and inorganic 
particles that comprises seston, those with higher organic content would be the food of 
best quality. Phytoplankton would be especially important, and precisely for this reason 
chlorophyll and carbon content of seston are commonly used as a proxy of available food. 
This derives from the results provided by multiple studies based on feeding trials that 
have examined the physiological responses of mussels to different artificial diets. 
However, the complex mixture of food particles such as phytoplankton, detritus and silt 
and the considerable short-term and seasonal variability of this mixture in marine waters, 
make difficult to extrapolate to the natural environment results derived from laboratory 
experiments. That is why some uncertainties about the pathways by which bivalves 
consume food and produce biomass continues to be a subject of debate in the current 
literature. In recent years, in situ experiments in the Galician Rías investigating the 
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physiological behavior of mussels have documented a close relationship between mussel 
production in this region and the high organic content of seston (Fernández-Reiriz et al. 
2001, Figueiras et al. 2002). Chapter 2 of this thesis goes one step forward by assessing 
the nutritional value of the organic content of seston in the Ría de Vigo under natural 
conditions. To this end, different proxies were used, such as POC, which represents the 
total organic carbon content of seston available for mussels, chl a, which is accepted as 
an indicator of phytoplankton biomass, and the microbial plankton carbon content (PC), 
which considers the whole organic carbon derived from both autotrophic (phytoplankton) 
and heterotrophic microbial plankton. Our investigation revealed that feeding and 
digestion of Mytilus galloprovincialis Lmk are highly dependent on the quality of the 
organic composition of the available food. Organic ingestion rate (OIR) and especially 
absorption efficiency (AE) of mussels were more strongly correlated with PC than with 
particulate organic carbon (POC) and chl a (Fig. 2.7), illustrating the importance of 
considering not only autotrophic but also heterotrophic microbial plankton carbon as 
high-quality food for mussels in the Ría de Vigo. Moreover, excluding the heterotrophic 
microplankton would result in an important underestimation of the available food for 
mussels, even reaching 73 ± 18 % less, as observed in the summer sampling. On this 
basis, consideration of PC instead of chl a and/or POC concentration as the best available 
food for mussels would improve future models simulating mussel growth in suspended 
culture.  
In view of the findings of Chapter 2, what is surprising is that despite its importance, 
assessing food availability in terms of microbial plankton biomass is very uncommon. In 
this sense, the study reported in Chapter 3 provides a comprehensive characterization of 
the size-structure and composition of the microbial plankton community in the Ría de 
Vigo in relation to the environmental conditions on an annual basis. This research is 
noteworthy, not only because it is the first study of this characteristics in the Ría de Vigo, 
but also because it provides an initial assessment of food availability for mussels in terms 
of microbial plankton biomass in this environment. Results achieved in Chapter 3 are 
consistent with previous studies based only on chl a fractionation (Cermeño et al. 2006, 
Arbones et al. 2008) and emphasize the importance of microplankton (mainly diatoms) 
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in the Ría de Vigo. Diatoms accounted for 64 ± 13 % of total microbial plankton biomass 
during the upwelling season, while nano- and picoplankton were always present in the 
Ría attaining higher importance in winter, under non-upwelling conditions. This seasonal 
distribution of size-fractionated microbial plankton contrasts with that previously 
described by Espinoza-González et al. (2012) for shelf waters in front of the Ría de Vigo, 
where small plankton (< 20 µm) dominated most of the time and microplankton 
dominance was restricted to events of intense upwelling. All of this stresses the 
important role that the Rías play amplifying coastal upwelling effects within its 
boundaries. 
The following chapter extends the knowledge of the microbial plankton community in 
the Ría de Vigo by focusing attention on the production/respiration rates. For that, size-
fractioned chl a, size-fractionated primary production (PP) and the microbial plankton 
metabolism were examined covering all seasonal periods. Results from Chapter 4 
revealed that variability in size-fractioned chl a and PP at places without mussel 
influence was closely linked to changes in hydrographic conditions, repeating the pattern 
previously observed in Chapter 3 when carbon biomass was the variable tested. Once 
again, the results highlight the importance of microplankton (mainly diatoms) in the Ría 
de Vigo. At the same time, the results reinforce the idea that has been presented in 
previous studies (Arbones et al. 2008) according to which the dominance of large 
phytoplankton in the Ría de Vigo leads to a greater degree of autotrophy, which 
ultimately explain the high productivity of this ecosystem. The detailed description of the 
variability in size structure and composition of the microbial plankton community in the 
Ría de Vigo provided by this thesis should help for future evaluations of available food 
for mussels in this region. 
Once the seasonal variability in the structure and functioning of the microbial 
plankton community was analyzed, it was possible to address the influence of mussel 
culture on the microbial plankton community of the Ría de Vigo. For this purpose, 
grazing by mussels was evaluated in Chapter 3 by comparing the variability in size 
structure and composition of the microbial plankton community in terms of biomass at a 
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reference station (ReS) located outside the farming area with that found inside the 
farming area (raft station, RaS). These results were complemented in Chapter 4 by 
considering the impact of mussel culture on size fractioned chl a, PP and metabolic 
balance of the water column. Previous studies in the Rías (Cabanas et al. 1979, Petersen 
et al. 2008) and in other mussel culture areas (Ogilvie et al. 2000, Strohmeier et al. 2008, 
Cranford et al. 2014) showed that mussel activity causes significant decreases in chl a 
concentration. In addition, the review by Ward & Shumway (2004) indicates that small 
particles (< 3 µm) are not effectively retained by bivalves. Certainly, our results from 
Chapter 3 showed a significant decrease in the biomasses of microplankton (by 46 ± 
32 %) and nanoplankton (by 35 ± 22 %) regardless of their trophic nature (pigmented or 
unpigmented), but not in picoplankton fraction. Likewise, Chapter 4 showed that chl a < 
2 µm (picophytoplankton) was not affected by mussels, while the decreases observed in 
the other two fractions (2-20 µm and > 20 µm) at RaS were apparently caused by mussel 
consumption. These results lead to assume that the smallest plankton seems to be less 
efficiently retained on the gills of mussels and does not constitute a suitable food for 
them (Norén et al. 1999, Newell 2004, Petersen et al. 2008). According to these findings, 
it can be inferred that mussel culture exerts a top-down control over the microbial 
plankton community (Dame 1996), modifying its structure by ingesting micro- and 
nanoplankton without affecting picoplankton. In spite of this size-selective feeding 
behavior, we found no evidences showing the capability of mussels to select microbial 
plankton on a qualitative basis (pigmented vs. not pigmented).  
In addition, our results (Chapter 4) evidenced an acute and significant decrease in the 
carbon fixed by the 3 size-classes that can be attributed not only to the decrease in chl a, 
but also to light attenuation under the rafts. Phytoplankton consumption and the lower 
irradiance also caused the decrease in net community production (NCP) at RaS. 
Nonetheless, results from Chapter 4 revealed that the pelagic system at RaS remained 
autotrophic most of the time, supporting the view that food does not limit mussel growth 
in the Ría de Vigo under the current environmental conditions. However, additional 
research on this matter is needed to further support conclusions about the sustainability 
of mussel culture in this region.  
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Overall, results from this thesis demonstrate the sensitivity of the size-structure of 
microbial plankton community to changes in environmental conditions. Thus, it sounds 
convincing to hypothesize that microbial plankton community would be particularly 
affected by a potential future scenario with lower intensity and frequency  of upwelling 
favorable winds due to global warming (Álvarez-Salgado et al. 2008, Barton et al. 2013). 
Less upwelling means less nutrients and this could induce a shift in the size-structure of 
the microbial community, with picoplankton becoming the more relevant fraction during 
the productive season, from spring to autumn (Crespo et al. 2012). Under this 
hypothetical scenario, primary production will likely decrease, dropping matter and 
energy transfer to higher trophic levels and thus turning the Ría into a system unable to 
maintain the current mussel production. 
Mussel farming affects water column not only through grazing but also modifying 
nutrient content through excretion of metabolic waste products (Dame 1996). 
Particularly, increases in nitrogen content of the water column could be expected due to 
direct release of dissolved ammonium as waste mussels product (Prins et al. 1997, 
Newell 2004). In this context, Chapter 2 of this thesis investigated whether direct 
ammonium excretion by mussels had any effect on the surrounding environment. Our 
observations clearly evidenced a mean annual excess of 40 % in NH4
+
 levels in the water 
column at RaS, surely connected to the ammonium excretion rates obtained during the 
study, given the strong correlation found between these two variables (Fig. 2.6). 
Therefore, our seasonal study shows, for the first time, that mussel farming significantly 
alter water column biogeochemistry in the Ría de Vigo. In addition, the lower AC:chl a 
at RaS than at ReS reported in Chapter 3 points to a stimulation of phytoplankton growth 
at RaS, a view that supports a certain degree of bottom-up control on the phytoplankton 
that escape mussel consumption in the farming area, similar to that noticed in other 
mussel areas (Ogilvie et al. 2000, Trottet et al. 2008). However, with the subsequent 
results of Chapter 4 in mind, which show a significant decrease in PP in the farming area, 
it cannot be excluded that the low AC:chl a ratio found at RaS was to some extent related 
to light attenuation under mussel rafts.  
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Another effect of mussel farming on the surrounding environment is derived from 
mussel biodeposition of feces and pseudofeces. In this regard, several studies have 
documented that mussel biodeposition enhances natural sedimentation in farming areas 
enriching the benthic environment with organic matter (e.g. Callier et al. 2006, Giles et 
al. 2006, Cranford et al. 2009). The few available studies about sedimentation under 
mussel rafts in the Galician Rías showed vertical fluxes of particulate organic carbon 
(POC) significantly higher than those outside the mussel farming area (Cabanas et al. 
1979, Tenore et al. 1982, Alonso-Pérez et al. 2010, Zúñiga et al. 2014). In this context, 
results presented in Chapter 5 corroborate these previous works, since it was observed an 
average POC flux at RaS 4 times higher than at ReS. Moreover, Chapter 5 is the first 
study providing an estimate of feces fluxes (Cbiodep) under mussel rafts, which accounts 
for a large proportion of total POC flux (35- 60 %). These data support the expected 
connection between biodeposits flux (feces) and the significant increase in POC flux at 
RaS. Overall, the contribution of biodeposits of mussels to sedimentation fluxes in this 
study is higher than that provided by Giles et al. 2006 in New Zealand (6 - 14 %), but in 
agreement with a greater mussel production in the Ría de Vigo. However, the limited 
information available on the subject hinders comparisons with other farming areas. 
Therefore, this is certainly a path to be explored in the future, which is necessary to 
better understanding the effects of biodeposition on nutrient cycling, as well as their 
impact on benthic ecosystems.  
Finally, Chapter 5 continued to investigate mussel culture impact on the microbial 
plankton community in the Ría de Vigo, now considering the effect on the vertical fluxes 
of phytoplankton under mussel rafts. Despite the importance of phytoplankton living 
cells on vertical export of organic carbon (Fowler & Knauer 1986, Turner 2015), there is 
no study evaluating the impact of mussel culture on the magnitude and composition of 
phytoplankton carbon flux under mussel rafts. In this regard, this study addressed, for the 
first time, the mussel farming impact on phytoplankton carbon vertical fluxes (Cphyto) 
on a seasonal scale. First of all, the examination of the sediment trap material at RaS 
revealed that only a small proportion of the POC flux under mussel rafts was due to 
Cphyto flux (3- 17 %). But the most striking feature was the increased sedimentation of 
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phytoplankton cells at RaS. In this context, this study postulates a combination of three 
mechanisms which would explain the increase in sedimentation of Cphyto in spring and 
summer at RaS: i) less energetic hydrodynamic conditions under mussel rafts, ii) ballast 
effect induced by sinking mussel feces and iii) major presence of diatom aggregates. 
Moreover, Chapter 5 results also suggest that mussel farming altered the quality of 
Cphyto flux by removing part of the predatory pressure of zooplankton, and thus 
matching diatom composition in water column and sediment traps. These findings 
indicate that mussel farming has a strong impact on sedimentation flux under the rafts, 
not only increasing the POC flux, especially due to mussel biodeposits, but also altering 
the magnitude and composition of Cphyto fluxes. Further knowledge of sedimentation 
under mussel rafts and its implications for the benthic environment is required to develop 
more complete carbon budgets, leading to better understanding of carbon cycling in the 
Ría de Vigo.  
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1. Our investigation revealed that feeding and digestion of Mytilus 
galloprovincialis are highly dependent on the quality of the organic composition 
of the available food. Mussel organic ingestion rate and especially absorption 
efficiency were more strongly correlated with microbial plankton carbon 
contents than with particulate organic carbon and chl a, illustrating the 
importance of considering not only autotrophic but also heterotrophic microbial 
plankton carbon as high-quality food for mussels in the Ría de Vigo. 
2. Our seasonal study shows, for the first time, that mussel farming clearly modifies 
the water column biogeochemistry in the Ría de Vigo. Such modification 
involves a significant decrease in chl a concentration (by 33 %) apparently 
caused by mussel consumption and a significant increase in ammonium levels 
(by 40 %) in the water column at RaS due to ammonium excretion by mussels. 
3. Microbial plankton community in the Ría de Vigo is characterized by the 
dominance of microplankton (mainly diatoms) during the upwelling season. 
Microplankton accounts for 64 ± 13 % of the total microbial plankton biomass, 
while nano- and picoplankton were always present, attaining higher importance 
in winter under non-upwelling conditions, when the contribution of 
microplankton to total microbial plankton biomass decreased (to 23 ± 9 %). In 
addition, microbial plankton community can be considered fundamentally 
autotrophic during the upwelling season, while a balanced trophic structure 
between autotrophs and heterotrophs occurred in winter. 
4.  Mussel farming exerts a top-down control over the microbial plankton 
community, modifying its structure by consuming micro- and nanoplankton, 
without affecting picoplankton. At the same time, mussel farming could be 
exerting a bottom-up control on phytoplankton populations that escape mussel 
consumption by means of supplying regenerated nutrients, as suggested by the 
significant higher ammonium levels and the lower AC:chl a ratio recorded at 
RaS. 
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5. Mussel culture cause a decrease in PP at RaS affecting the 3 size fractions, 
attributable not only to the decrease in Chl a, but also to light attenuation under 
the rafts. Phytoplankton consumption and the lower irradiance also cause a 
decrease in NCP at RaS, yet pelagic system remained autotrophic most of the 
time, supporting the view that food does not limit mussel growth in the Ría de 
Vigo under current environmental conditions. 
6. Mussel farming has a strong impact on sedimentation fluxes under the rafts, not 
only increasing particulate organic carbon flux, but also altering the magnitude 
and composition of phytoplankton carbon fluxes. Much of the increase in POC 
flux was attributed to biodeposits (feces) flux (35 - 60 %), but only a small 
proportion was due to Cphyto flux (3 – 12 %). However, we observed an 
increase in sedimentation of phytoplankton cells in the raft area that could be 
explain by a combination of three processes: less energetic hydrodynamic 
conditions under mussel rafts, the ballast effect induced by sinking mussel feces 
and major occurrence of diatom aggregates. Mussel can also remove 
zooplankton from the water column, which would alleviate predatory pressure 
on phytoplankton. This alters the quality of Cphyto flux, which results in a 
diatom composition in the sediment traps similar to that found in the water 
column.  
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CAPÍTULO 1. Introducción 
Entre la enorme diversidad de organismos que habitan los ambientes marinos, el 
plancton microbiano destaca por su profunda influencia en los ciclos biogeoquímicos del 
océano y por su papel trascendental en la transferencia de materia y energía a través de la 
red trófica pelágica (Sherr & Sherr 2000). En particular, la estructura de tamaños y 
composición de la comunidad de plancton microbiano determina la ruta de transferencia 
de carbono a través del ecosistema. De esta forma, el carbono fijado por los productores 
primarios puede ser reciclado en las capas superficiales, transferido a niveles tróficos 
superiores o exportado verticalmente al océano profundo (Legendre & Le Fèvre 1989). A 
pesar de su importancia, hasta la fecha no existe una caracterización exhaustiva de la 
comunidad de plancton microbiano en las Rías Baixas, en cuanto estructura de tamaños y 
modo de nutrición y en función de las condiciones ambientales a escala estacional. 
Siendo importante esta caracterización en sí misma, lo es todavía más teniendo en cuenta 
el cultivo intensivo de mejillón existente en la región. 
El mejillón Mytilus galloprovincialis (Lamarck 1819) se cultiva en Galicia desde hace 
70 años. La primera batea se instaló en la Ría de Arosa en el año 1946 y desde entonces, 
este método de cultivo en suspensión se ha expandido rápidamente por las Rías Gallegas. 
En la actualidad, hay un total de 3.337 bateas, 478 de ellas en la Ría Vigo, y la 
producción de mejillón en Galicia se ha estabilizado en torno a las 250.000 toneladas 
anuales, convirtiéndose en la región más productiva de Europa y una de las más 
importantes del mundo (Figueiras et al. 2002). De este modo, el sector mejillonero 
representa un importante motor de desarrollo social y económico para los municipios 
costeros en los que se desenvuelve esta actividad, generando 9.000 empleos directos y 
alrededor de 20.000 indirectos (Labarta 2004).  
Estudios recientes en las Rías Gallegas han mostrado que el cultivo de mejillón altera 
significativamente la cadena trófica del ecosistema (Tenore & González 1975, Cabanas 
et al. 1979, Tenore et al. 1982, Petersen et al. 2008, Maar et al. 2008), a la vez que 
incrementa las tasas de sedimentación bajo las bateas (Cabanas et al. 1979, Tenore et al. 
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1982, Alonso-Pérez et al. 2010, Zúñiga et al. 2014). Sin embargo, por el momento se 
desconoce qué impacto produce el cultivo del mejillón en el conjunto de la comunidad de 
plancton microbiano. En este contexto, la presente tesis tiene por objeto analizar la 
influencia del cultivo del mejillón en la estructura de tamaños y composición de la 
comunidad planctónica microbiana, y los consiguientes efectos sobre la producción 
primaria, el balance metabólico y la exportación vertical de partículas biogénicas en la 
Ría de Vigo. La finalidad de esta investigación es aportar nueva información del papel 
que desempeña el cultivo de mejillón en esta región de afloramiento costero, cara a 
favorecer la sostenibilidad del ecosistema.  
A continuación, se formulan los objetivos específicos de esta tesis: 
1. Evaluar el efecto de la calidad del contenido orgánico del seston en el 
comportamiento alimentario de Mytilus galloprovincialis Lmk (Capítulo 2). 
2. Analizar el impacto del cultivo del mejillón en la biogeoquímica de la columna 
de agua en la Ría de Vigo (Capítulo 2).  
3. Caracterizar la estructura de tamaños y composición de la comunidad de 
plancton microbiano en la Ría de Vigo en relación a las condiciones 
hidrográficas registradas durante 4 periodos estacionales: otoño, invierno, 
primavera y verano (Capítulo 3). 
4. Analizar el impacto del cultivo de mejillón en la estructura y composición de la 
comunidad de plancton microbiano en la Ría de Vigo en cada periodo estacional 
(Capítulo 3). 
5. Evaluar en qué medida el cultivo de mejillón puede alterar la distribución de 
tamaños de la producción y modificar el balance metabólico de la Ría de Vigo 
(Capítulo 4). 
6. Evaluar la influencia del cultivo de mejillón en la sedimentación de fitoplancton 
en la Ría de Vigo (Capítulo 5). 
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CAPÍTULO 2. Actividad fisiológica de Mytilus galloprovincialis y 
biogeoquímica de la columna de agua 
La respuesta fisiológica de los mejillones a la cantidad y calidad de alimento 
disponible ha sido ampliamente estudiada, principalmente mediante ensayos de 
laboratorio que evalúan el efecto de diferentes dietas artificiales en el comportamiento 
alimentario y digestivo del mejillón (p. ej. Bayne et al. 1993, Cranford & Hill 1999, 
Kreeger & Newell 2001). Sin embargo, debido a la compleja mezcla de partículas 
alimenticias que componen el seston y su considerable variabilidad estacional y a corto 
plazo, resulta difícil extrapolar al medio natural aquellos resultados derivados de 
experimentos de laboratorio.  
Experimentos ‘in situ’ en las Rías Gallegas han documentado una estrecha relación 
entre el alto contenido orgánico del seston y la elevada producción de mejillón de la 
región (Figueiras et al. 2002). Partiendo de esta premisa, en el capítulo 2  de la tesis se 
analizó el valor nutricional de los diferentes compuestos orgánicos presentes en el seston 
de la Ría de Vigo en condiciones naturales. Para ello se utilizaron diferentes indicadores, 
como el carbono orgánico particulado (COP), el cual representa el contenido total de 
carbono orgánico en el seston disponible para los mejillones, la clorofila a (clor a), 
comúnmente aceptada como indicador de la biomasa de fitoplancton, y el carbono 
planctónico microbiano (CP), que incluye la totalidad de carbono orgánico derivado 
tanto de plancton microbiano autótrofo (fitoplancton) como heterótrofo. Nuestras 
investigaciones revelaron que la alimentación y la digestión de Mytilus galloprovincialis 
Lmk son altamente dependientes de la calidad de los compuestos orgánicos en el 
alimento disponible. La tasa de ingestión orgánica (TIO) y especialmente la eficiencia de 
absorción (EA) de los mejillones estuvieron mucho más correlacionadas con el contenido 
en CP que con el COP y la clor a, ilustrando la importancia de considerar como alimento 
de alta calidad para los mejillones no solo al plancton microbiano autótrofo, sino también 
al heterótrofo. Por ello, considerar al CP en lugar de COP y/o clor a como mejor 
alimento disponible para los mejillones podría contribuir a mejorar los futuros modelos 
de simulación de crecimiento de mejillón en cultivos en suspensión. 
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Asimismo, el capítulo 2 investigó el impacto del cultivo del mejillón en la 
biogeoquímica de la columna de agua, comparando las condiciones dentro y fuera de la 
zona de cultivo. Los resultados del este capítulo mostraron un claro déficit de material 
particulado en la zona de batea, tanto en términos de clor a (- 33 %) como de CP (- 
34 %) presumiblemente causado por la alimentación del mejillón, que sin embargo no 
afectó al contenido en COP, y que por tanto podría indicar un consumo preferente de 
carbono de origen planctónico vivo por parte de los mejillones. Además de filtrando 
partículas  en suspensión, el cultivo de mejillón puede alterar la biogeoquímica de la 
columna de agua al liberar productos de desecho resultantes de su alimentación y 
metabolismo (Dame. 1996). En particular, es de esperar un aumento en el contenido de 
nitrógeno en la columna de agua como resultado de la excreción directa de amonio por 
parte de los mejillones (Prins et al. 1997, Newell 2004). En este contexto, en el capítulo 2 
se investigó si la excreción directa de amonio por parte de los mejillones tenía algún 
efecto en el entorno natural que les rodea. Claramente, las observaciones evidenciaron un 
exceso medio anual del 40 % en los niveles de NH4
+
 en la columna de agua de la zona de 
batea, seguramente relacionado con las tasas de excreción obtenidas durante este estudio, 
habida cuenta de la fuerte correlación entre estas dos variables (Fig. 2.6). En definitiva, 
este estudio estacional es el primero en encontrar evidencias significativas de que el 
cultivo de mejillón altera la biogeoquímica de la columna de agua en las Rías Baixas. 
CAPÍTULO 3. Comunidad de plancton microbiano de la Ría de Vigo: 
Impacto del cultivo de Mytilus galloprovincialis  
El auge del cultivo de mejillón en Galicia se encuentra estrechamente relacionado con 
la elevada producción primaria de las Rías, la cual depende del afloramiento que, a su 
vez, condiciona la estructura de tamaños y composición de la comunidad planctónica 
microbiana. Los estudios realizados hasta la fecha sobre la comunidad de plancton 
microbiano en esta región de afloramiento o bien se limitan a describir la composición y 
la dinámica del microplancton (Figueiras et al. 1994, Fermín et al. 1996, Tilstone et al. 
2003), o se ciñen al estudio de la estructura de tamaños del fitoplancton, abordada  
indirectamente mediante fraccionamiento de clorofila (Cermeño et al. 2006, Arbones et 
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al. 2008). En este contexto, el capítulo 3 ofrece una caracterización exhaustiva del 
plancton microbiano de la Ría de Vigo, analizando por primera vez la variabilidad de la 
estructura de tamaños y la composición de todos los miembros de la comunidad en 
términos de biomasa  y en función de las condiciones ambientales a escala anual.  
Los resultados de este capítulo destacan la importancia del microplancton 
(principalmente de las diatomeas) dentro de la comunidad planctónica microbiana de la 
Ría de Vigo, coincidiendo con estudios previos basados en fraccionamiento de clor a 
(Cermeño et al. 2006, Arbones et al. 2008). Las diatomeas supusieron el 64 ± 13 % de la 
biomasa de plancton microbiano total durante la época de afloramiento, y aunque el 
nano- y el picoplancton estuvieron siempre presentes en la Ría, alcanzaron una mayor 
relevancia en invierno, en condiciones de no afloramiento. Esta distribución de tamaños 
del plancton microbiano contrasta con la descrita por Espinoza-González et al. (2012) en 
las aguas de plataforma enfrente de la Ría de Vigo, donde el plancton pequeño (< 20 µm) 
domina la mayor parte del tiempo, y la prevalencia del microplancton se limita  a los 
momentos de intenso afloramiento. Así pues, los resultados de esta tesis subrayan el 
importante papel de las rías al amplificar el afloramiento en el interior de las mismas.  
La influencia del cultivo del mejillón en la comunidad de plancton microbiano de la 
Ría de Vigo también fue abordada en este capítulo. Para ello, se analizó 
comparativamente la estructura de tamaños y composición de la comunidad planctónica 
microbiana dentro (RaS) y fuera (ReS) de la zona de cultivo. Estudios previos en la Ría 
de Vigo (Petersen et al. 2008) y en otras zonas de cultivo de mejillón (Ogilvie et al. 2000, 
Strohmeier et al. 2008, Cranford et al. 2014)  han mostrado descensos significativos en la 
concentración de clorofila como consecuencia de la actividad filtradora del mejillón. No 
obstante, según Ward & Shumway (2004), la eficacia del mejillón a la hora de retener 
partículas desciende para los tamaños pequeños (< 3 µm). Ciertamente, los resultados del 
capítulo 3 apoyan esta idea,  pues muestran un descenso significativo en la biomasa de 
microplancton (- 46 ± 32 %) y de nanoplancton (- 35 ± 22 %), aparentemente causado 
por la alimentación del mejillón, pero no en la fracción de picoplancton. De acuerdo a 
estos resultados se puede inferir que el cultivo del mejillón ejerce un control  ‘top-down’ 
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sobre la comunidad de plancton microbiano (Dame 1996), al consumir micro- y 
nanoplancton sin afectar al picoplancton. A parte de este comportamiento alimentario 
selectivo por tamaños, no se encontraron evidencias de que los mejillones sean capaces 
de seleccionar cualitativamente al plancton microbiano. Al mismo tiempo, el exceso de 
amonio encontrado en la zona de batea (capítulo 2) y la baja relación carbono 
autotrófico:clorofila a (CA:clor a) encontrada en RaS (29 ± 4), apreciablemente inferior 
a la ya de por sí baja relación encontrada en ReS (40 ± 5), parecen apuntar a que la 
población de mejillones podría estar estimulando la producción primaria en la zona de 
cultivo, al incrementar la disponibilidad de nutrientes para el fitoplancton mediante la 
excreción de amonio disuelto (Newell 2004). De esta forma, simultáneamente al control 
‘top-down’, el cultivo de mejillón podría estar ejerciendo un control ‘bottom-up’ sobre la 
población de fitoplancton que escapa a su consumo. 
CAPÍTULO 4. Influencia del cultivo del mejillón en las tasas de 
producción y respiración pelágica en la Ría de Vigo 
En este capítulo continuamos profundizando en el conocimiento de los integrantes 
autotróficos de la comunidad, responsables de la producción primaria (PP), para evaluar 
hasta qué punto su estructura de tamaños puede modular el balance metabólico del 
sistema. Para ello, relacionamos la producción neta de la comunidad planctónica 
microbiana (PNC), no solo con la magnitud de la producción primaria, sino también con 
la estructura de tamaños del fitoplancton. Por definición, la PNC es el balance entre la 
producción primaria bruta (PPB) y la respiración de la comunidad (RC), y puede ser 
utilizada como una aproximación del estatus trófico de ecosistema (Odum 1956). 
Asimismo, la PNC proporciona una estimación la fracción de la producción primaria 
total que no se remineraliza en la capa fótica, que por lo tanto sería potencialmente 
exportable fuera del sistema (Eppley & Peterson 1979), a través de la sedimentación 
hacia aguas profundas o mediante la transferencia a niveles tróficos superiores como el 
mejillón. Aquellos ecosistemas altamente productivos suelen presentar un metabolismo 
marcadamente autotrófico, donde predomina el fitoplancton grande y el desarrollo de una 
red trófica herbívora asociada a importantes procesos de exportación (Legendre & 
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Rassoulzadegan 1995). Por lo tanto, determinar en qué medida el cultivo de mejillón 
puede alterar la distribución de tamaños de la PP, y modificar el balance metabólico de la 
Ría de Vigo, es esencial para desentrañar las complejas interacciones que probablemente 
existen entre la comunidad de plancton microbiano y el mejillón, su más importante 
consumidor en la Ría (Tenore & González 1975). 
Coincidiendo con estudios previos (Arbones et al. 2008, capítulo 3), los resultados del 
capítulo 4 revelaron que la producción primaria y el balance metabólico de la Ría de 
Vigo dependen de la estructura de tamaños del fitoplancton, que a su vez depende de las 
condiciones hidrográficas. Así, durante la época de afloramiento encontramos elevados 
valores de producción primaria (1.05 ± 0.45 g C m
-2
 d
-1
) cuando el microfitoplancton (> 
20 µm) dominaba tanto la biomasa (68 ± 16 % of clor a) como la fijación de carbono (74 
± 14 % of PP). Por el contrario, el nanofitoplancton (2 - 20 µm) y  el picofitoplancton (< 
2 µm) ganaron relevancia en invierno, cuando los valores de producción primaria eran 
menores (0.24 ± 0.03 g C m
-2
 d
-1
). La columna de agua en ReS fue siempre autotrófica, 
con una PNC variando entre 186 ± 67 mm O2 m
-2
 d
-1
 en condiciones de afloramiento y 
43 ± 22 mm O2 m
-2
 d
-1
 en invierno. Estos resultados destacan, una vez más, la 
importancia del microfitoplancton y la prevalencia de la autotrofía a lo largo del año en 
la Ría de Vigo.  
La influencia del cultivo del mejillón sobre la comunidad fitoplanctónica actuó en dos 
direcciones. Por una parte, se observó un descenso significativo en la biomasa de 
microfitoplancton (clor a > 20 µm) y nanofitoplancton  (clor a 2 - 20 µm), atribuible al 
consumo del mejillón, pero no en la de picofitoplancton (clor a < 2 µm). Esto nos 
conduce a asumir, coincidiendo con el capítulo anterior, que el fitoplancton de menor 
tamaño no constituye un alimento adecuado para el mejillón. Pero por otra parte, se 
observó un descenso significativo en la fijación de carbono que afectó a todas las 
fracciones de tamaño, atribuible no solo al descenso de clor a, sino también a la 
atenuación de la luz en la zona de batea. El consumo de fitoplancton y la menor 
irradiancia causaron un descenso de la PNC en RaS. No obstante, los resultados del 
capítulo 4 revelaron que el sistema pelágico en la zona de batea permaneció autotrófico 
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la mayor parte del tiempo, apoyando la idea de que, en las condiciones ambientales 
actuales, el crecimiento del mejillón en la Ría de Vigo no está limitado por la 
disponibilidad de alimento. 
CAPÍTULO 5. Influencia del cultivo de mejillón en la exportación vertical 
de carbono fitoplanctónico en la Ría de Vigo 
Los mejillones, como resultado de su alimentación y metabolismo, generan una 
elevada cantidad de biodepósitos (heces y pseudoheces) que sedimentan rápidamente, 
alterando la transferencia de materia y energía desde la superficie hacia el fondo 
(Cranford et al. 2006, McKindsey et al. 2011). A este respecto, numerosos estudios han 
documentado que la biodeposición de los mejillones incrementa la sedimentación natural 
en las zonas de cultivo (p. ej. Callier et al. 2006, Giles et al. 2006, Cranford et al. 2009). 
Los pocos estudios disponibles que investigaron la sedimentación bajo las bateas en las 
Rías Gallegas muestran unos flujos verticales de COP significativamente mayores que 
fuera de la zona de cultivo (Cabanas et al. 1979, Tenore et al. 1982, Alonso-Pérez et al. 
2010, Zúñiga et al. 2014). En este contexto, los resultados presentados en el capítulo 5 
corroboran estos trabajos previos, pues debajo de la batea se observó un flujo medio de 
COP 4 veces superior al de la estación de referencia. Además, el capítulo 5 proporciona 
la primera estimación del flujo de carbono debido a las  heces (Cbiodep) bajo las bateas, 
el cual representó un alto porcentaje del flujo de COP (35- 60 %), datos que apuntan a 
una estrecha conexión entre el flujo de Cbiodep y el incremento significativo en los 
flujos de COP en RaS.  
Además de la sedimentación de biodepósitos, la sedimentación de células vivas de 
fitoplancton puede llegar a ser un componente importante del flujo de materia orgánica 
hacia el fondo (Fowler & Knauer 1986, Turner 2015), pero hasta donde nosotros 
conocemos, no se han realizado estudios previos dirigidos a esclarecer como afecta el 
cultivo del mejillón a la magnitud y composición del flujo de carbono fitoplanctónico 
(Cfito). Así, en el capítulo 5 se investigó el impacto del cultivo de mejillón en los flujos 
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verticales de carbono fitoplanctónico bajo las bateas. En primer lugar, el examen del 
contenido de las trampas de sedimentación en RaS reveló que solo una pequeña 
proporción del flujo de COP bajo las bateas fue debido a flujo de Cfito (3 - 17 %), 
precisamente por el elevado flujo de Cbiodep. Pero lo más sorprendente fue el 
incremento en la sedimentación de células fitoplanctónicas en la zona de batea. En este 
contexto, se proponen una serie de mecanismos que explicarían el incremento de la 
sedimentación de Cfito en primavera y verano en RaS: i) las condiciones hidrodinámicas 
menos energéticas bajo las bateas, debido al descenso de la velocidad de la corriente al 
pasar a través de las cuerdas de mejillón, favorecerían especialmente la sedimentación de 
las células fitoplanctónicas grandes ii) debido a su tamaño (> 200 µm), las heces podrían 
causar un efecto lastre sobre otras partículas biogénicas al sedimentar, incrementando así 
el flujo de Cfito bajo las bateas y por último iii) las condiciones hidrodinámicas más 
tranquilas podrían favorecer la formación de agregados de diatomeas, que sería un factor 
secundario que contribuiría a explicar el incremento del flujo de Cfito en RaS. Además, 
los resultados de este capítulo sugieren que el cultivo de mejillón, a través del consumo 
de zooplancton (Maar et al. 2008),  podría estar alterando la calidad del flujo de Cfito, al 
retirar parte de la presión depredadora sobre las diatomeas. De este modo, se reduciría la 
perturbación que la alimentación del zooplancton ejerce en la distribución y composición 
de las diatomeas en la columna de agua, resultando en una mayor similitud entre la 
composición de diatomeas en la columna de agua y en las trampas de sedimentación. Por 
lo tanto, en base a las observaciones de este estudio podemos decir que el cultivo de 
mejillón tiene un fuerte impacto en los flujos de sedimentación bajo las bateas, no solo 
incrementado los flujos de COP, principalmente debido al flujo de Cbiodep, sino también 
alterando la magnitud y la composición de los flujos de Cfito.  
CAPÍTULO 6: Sinopsis 
Esta tesis presenta  un análisis exhaustivo de la influencia del cultivo de mejillón en la 
comunidad de plancton microbiano de la Ría de Vigo, el cual es necesario para entender 
el papel que juegan los mejillones en el funcionamiento de este ecosistema. A modo de 
resumen general de la tesis podemos decir que la intensificación del afloramiento en las 
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rías es responsable del elevado contenido de carbono planctónico microbiano del seston 
(Margalef & Andreu 1958, Tenore & González 1975, Figueiras et al. 2002), que a su vez 
conduce a niveles máximos de eficiencia de absorción del mejillón. Asimismo, el 
dominio del microplancton en la ría durante la mayor parte del año, especialmente de las 
diatomeas grandes, da lugar a un sistema altamente autotrófico, capaz de generar un 
exceso de materia orgánica, lista para ser exportada a niveles tróficos superiores 
(Teixeira et al. 2011), que convierte a las rías en el entorno idóneo para el cultivo del 
mejillón (Figueiras et al. 2002). Los mejillones, debido a su comportamiento alimentario, 
afectan al medio ambiente que les rodea, especialmente cuando se cultivan en grandes 
densidades. Al alimentarse, retiran de la columna de agua una gran variedad de partículas 
microscópicas y liberan productos de desecho como resultado de una incompleta 
digestión y metabolismo. En esta tesis hemos podido comprobar que el cultivo de 
mejillón tiene una gran influencia en la comunidad de plancton microbiano de la Ría de 
Vigo, y por consiguiente, en el ciclo de los nutrientes y en los flujos de energía de este 
sistema de afloramiento costero.  
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CONCLUSIONES  
A continuación, se presentan las conclusiones más importantes de la tesis:  
1. Los resultados revelaron que la alimentación y la digestión de Mytilus 
galloprovincialis es altamente dependiente de la calidad del contenido orgánico 
del alimento disponible. La tasa de ingestión orgánica de los mejillones y 
especialmente su eficiencia de absorción estuvieron más fuertemente 
correlacionados con el contenido en carbono planctónico microbiano (CP) que 
con el carbono orgánico particulado total (COP) o la clor a, remarcando la 
importancia de considerar no solo plancton microbiano autótrofo, sino también 
al heterótrofo como alimento de alta calidad para los mejillones en la Ría de 
Vigo. 
2. Nuestro estudio estacional mostró, por primera vez, que el cultivo de mejillón 
modificó claramente la biogeoquímica de la columna de agua. Esta modificación 
implicó un significativo descenso en la concentración de clor a (- 33 %), 
aparentemente causada por el consumo del mejillón, y un significativo 
incremento en los niveles de amonio (+ 40 %) en la columna de agua de RaS, 
debido al amonio excretado por los mejillones.  
3. La comunidad de plancton microbiano en la Ría de Vigo se caracteriza por el 
dominio del microplancton (principalmente de las diatomeas). El microplancton 
representó el 64 ± 13% durante la época de afloramiento, mientras que el nano- y 
picoplancton estuvieron siempre presentes, pero ganaron relevancia en invierno, 
en condiciones de no afloramiento, cuando la contribución del microplancton a 
la biomasa total de plancton microbiano decreció hasta un 23 ± 9 %. A esto hay 
que añadir que la comunidad de plancton microbiana fue fundamentalmente 
autotrófica durante la época de afloramiento, mientras que en invierno estuvo 
próxima al balance entre autótrofos y heterótrofos. 
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4. El cultivo del mejillón ejerce un control ‘top-down’ sobre la comunidad de 
plancton microbiano, modificando su estructura al consumir micro- y 
nanoplancton, sin afectar al picoplancton. Al mismo tiempo, el cultivo del 
mejillón podría estar ejerciendo un control ‘bottom-up’ sobre la población de 
fitoplancton que escapa a su consumo, al proporcionarle nutrientes regenerados, 
como sugieren los niveles de amonio significativamente mayores y la menor 
relación AC:clor a registrada en RaS. 
5. El cultivo del mejillón causó un descenso en la producción primaria  (PP) en RaS 
afectando a las 3 fracciones de tamaño, atribuible no solo al descenso de clor a, 
sino también a la atenuación de la luz bajo las bateas. El consumo de 
fitoplancton y la menor irradiancia causaron también el descenso de la 
producción neta de la comunidad (PNC) en RaS, aunque el sistema pelágico 
continuó siendo autotrófico la mayor parte del tiempo, apoyando la idea de que 
el alimento no limita el crecimiento de los mejillones en la Ría de Vigo en las 
condiciones actuales.  
6. El cultivo de mejillón tuvo un fuerte impacto en los flujos de sedimentación bajo 
las bateas, no solo incrementando los flujos de COP, sino también alterando la 
magnitud y la composición de los flujos de Cfito. La mayor parte del incremento 
en los flujos de COP fue debido al flujo de biodepósitos (heces), (35 – 60 %), y 
solo una pequeña proporción fue debida al flujo de Cfito (3 – 12 %). No 
obstante, observamos un incremento en la sedimentación de células de 
fitoplancton en la zona de batea que podría explicarse por una combinación de 
tres procesos: i) condiciones hidrodinámicas menos energéticas en la zona de 
batea, ii) el efecto lastre de los biodepósitos al sedimentar, y  iii) una mayor 
presencia de agregados de diatomeas. Los mejillones además retiran zooplancton 
de la columna de agua, eliminando parte de la presión depredadora sobre el 
fitoplancton. Esto altera la calidad del flujo de Cfito, y resulta en una 
composición similar de diatomeas  en las trampas de sedimentación y en la 
columna de agua.  
                                                                                                                                                    References  165 
 
165 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References 
 
References 
 
166 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                    References  167 
 
167 
 
Acuña JL, López-Álvarez M, Nogueira E, González-Taboada F (2010) Diatom flotation 
at the onset of the spring phytoplankton bloom: an in situ experiment. Mar Ecol 
Prog Ser 400:115–125 
Alldredge AL, Gotschalk C (1989) Direct observations of the mass flocculation of 
diatoms blooms: Characteristics, settling velocities and formation of marine snow. 
Deep Sea Res 36:159–171 
Alonso-Pérez F, Ysebaert T, Castro CG (2010) Effects of suspended mussel culture on 
benthic–pelagic coupling in a coastal upwelling system (Ría de Vigo, NW Iberian 
Peninsula). J Exp Mar Bio Ecol 382:96–107 
Álvarez-Salgado XA, Borges AV, Figueiras FG, Chou L (2010) Iberian Margin: The 
Rías, in: Liu KK, Atkinson L, Quiñones R, Talaue-McManus L. Eds. Carbon and 
Nutrient fluxes in Continental Margins: A Global Synthesis. IGBP Book Series 
Springer, Berlin. P 103–113 
Álvarez-Salgado XA, Labarta U, Fernández-Reiriz MJ, Figueiras FG, Rosón G, 
Piedracoba S, Filgueira R, Cabanas JM (2008) Renewal time and the impact of 
harmful algal blooms on the extensive mussel raft culture of the Iberian coastal 
upwelling system (SW Europe). Harmful Algae 7:849–855 
Álvarez-Salgado XA, Miller AE (1998) Simultaneous determination of dissolved organic 
carbon and total dissolved nitrogen in seawater by high temperature catalytic 
oxidation: conditions for precise shipboard measurements. Mar Chem 62:325–333 
Arbones B, Castro CG, Alonso-Pérez F, Figueiras FG (2008) Phytoplankton size 
structure and water column metabolic balance in a coastal upwelling system: the Ría 
de Vigo, NW Iberia. Aquat Microb Ecol 50:169–179 
Arístegui J, Barton ED, Álvarez-Salgado XA, Santos AMP, Figueiras FG, Kifani S, 
Hernández-León S, Mason E, Machú E, Demarcq H (2009) Sub-regional ecosystem 
in the Canary Current upwelling. Prog Oceanogr 83:33–48 
References 
 
168 
 
Asmus H, Asmus RM (1993) Phytoplankton-mussel bed interactions in intertidal 
ecosystems. In: Dame RF (ed) Bivalve Filter Feeders in Estuarine and Coastal 
Ecosystems Processes. NATO ASI Series 33.p 57–84 
Aure J, Strand Ø, Erga SR, Strohmeier T (2007) Primary production enhancement by 
artificial upwelling in a western Norwegian fjord. Mar Ecol Prog Ser 352:39–52 
Azam F, Fenchel T, Field JG, Gray JC, Meyer-Reil LA, Thingstad F (1983) The 
ecological role of water-column microbes in the sea. Mar Ecol Prog Ser 10:257–264 
Babarro JMF, Fernández-Reiriz MJ, Labarta U (2000a) Growth of seed mussel (Mytilus 
galloprovincialis LMK): Effects of environmental parameters and seed origin. J 
Shellfish Res 19:187–193 
Babarro JM., Fernández-Reiriz MJ, Labarta U (2000c) Metabolism of the mussel Mytilus 
galloprovincialis from two origins in the Ría de Arousa (north-west Spain). J Mar 
Biol Assoc United Kingdom 80:865–872 
Baines SB, Fisher NS, Cole JJ (2007) Dissolved organic matter and persistence of the 
invasive zebra mussel (Dreissena polymorpha) under low food conditions. Limnol 
Oceanogr 52:70–78 
Baker ET, Milburn HB, Tennant DA (1988) Field assessment of sediment trap efficiency 
under varying flow conditions. J Mar Res 46:573–592 
Bakun A (1973) Coastal upwelling indices, west coast of North America, 1946-71. 
Barton ED, Field DB, Roy C (2013) Canary current upwelling: More or less? Prog 
Oceanogr 116:167–178 
Bayne BL, Iglesias JIP, Hawkins AJS, Navarro E, Heral M, Deslous-Paoli JM (1993) 
Feeding behaviour of the mussel, Mytilus edulis: responses to variations in quantity 
and organic content of the seston. J Mar Biol Assoc United Kingdom 73:813–829 
                                                                                                                                                    References  169 
 
169 
 
Bayne B, Newell R (1983) Physiological energetics of marine molluscs (B Bayne, Ed.). 
The Mollusca 4:407–515 
Blanco J, Zapata M, Moroño A (1996) Some aspects of the water flow through mussel 
rafts. Sci Mar 60:275–282 
Blanton JO, Tenore KR, Castillejo F, Atkinson LP, Schwing FB, Lavin A (1987) The 
relationship of upwelling to mussel production in the rias on the western coast of 
Spain. J Mar Res 45:497–511 
Bode A, Varela M (1998) Primary production and phytoplankton in three Galician Rias 
Altas (NW Spain): seasonal and spatial variability. Sci Mar 62:319–330 
Bode A, Varela M, Barquero S, Ossorio-Alvarez MT, González N (1998) Preliminary 
Studies on the Export of Organic Matter During Phytoplankton Blooms off La 
Coruña (Northwestern Spain). J Mar Biol Assoc United Kingdom 78:1–15 
Böttjer D, Morales CE (2007) Nanoplanktonic assemblages in the upwelling area off 
Concepción (~36°S), central Chile: Abundance, biomass, and grazing potential 
during the annual cycle. Prog Oceanogr 75:415–434 
Boucher G, Boucher-Rodoni R (1988) In situ measurement of respiratory metabolism 
and nitrogen fluxes at the interface of oyster beds. Mar Ecol Prog Ser 44:229–238 
Boyd AJ, Heasman KG (1998) Shellfish mariculture in the Benguela system: Water flow 
patterns within a mussel farm in Saldanha Bay, South Africa. J Shellfish Res 17:25–
32 
Bratbak G, Dundas I (1984) Bacterial dry matter content and biomass estimates. Appl 
Environ Microbiol 48:755–757 
Buesseler KO (1998) The decoupling of production and particulate export in the surface 
ocean. Global Biogeochem Cycles 12:297–310 
References 
 
170 
 
Cabanas JM, González JJ, Mariño JJ, Pérez Camacho A, Boland G (1979) Estudio del 
mejillón y de su epifauna asociada en los cultivos flotantes de la Ría de Arosa. III. 
Observaciones preliminares sobre la retención de partículas y la biodeposición de 
una batea. Bol Inst Español Oceanogr 5:45–50 
Callier MD, Weise AM, McKindsey CW, Desrosiers G (2006) Sedimentation rates in a 
suspended mussel farm (Great-Entry Lagoon, Canada): Biodeposit production and 
dispersion. Mar Ecol Prog Ser 322:129–141 
Calvo-Díaz A, Morán XAG (2006) Seasonal dynamics of picoplankton in shelf waters of 
the southern Bay of Biscay. Aquat Microb Ecol 42:159–174 
Caroppo C (2000) The contribution of picophytoplankton to community structure in a 
Mediterranean brackish environment. J Plankton Res 22:381–397 
Castro CG, Álvarez-Salgado XA, Figueiras FG, Pérez FF, Fraga F (1997) Transient 
hydrographic and chemical conditions affecting microplankton populations in the 
coastal transition zone of the Iberian upwelling system (NW Spain) in September 
1986. J Mar Res 55:321–352 
Castro CG, Pérez F, Álvarez-Salgado XA, Rosón G, Ríos AF (1994) Hydrographic 
conditions associated with the relaxation of an upwelling event off the Galician 
coast (NW Spain). J Geophys Res 99:5135–5147 
Cermeño P, Marañón E, Pérez V, Serret P, Fernández E, Castro CG (2006) 
Phytoplankton size structure and primary production in a highly dynamic coastal 
ecosystem (Ría de Vigo, NW-Spain): Seasonal and short-time scale variability. 
Estuar Coast Shelf Sci 67:251–256 
Chavez FP, Barber RT, Kosro PM, Huyer A, Ramp SR, Stanton TP, Mendiola BR de 
(1991) Horizontal transport and the distribution of nutrients in the coastal transition 
zone off northern California: Effects on primary production, phytoplankton biomass 
and species composition. J Geophys Res Res 96:14833–14848 
                                                                                                                                                    References  171 
 
171 
 
Conover RJ (1966) Assimilation of Organic Matter by Zooplankton. Limnol Oceanogr 
11:338–345 
Courties C, Vaquer A, Trousseller M, Lautier J, Chrétiennot-Dinet MJ, Neveux J, 
Machado C, Claustre H (1994) Smallest eukaryotic organism. Nature 370:255 
Cranford PJ, Anderson R, Archambault P, Balch T, Bates SS, Bugden G, Callier MD, 
Carver C, Comeau LA, Hargrave B, Harrison WG, Horne E, Kepkay PE, Li WKW, 
Mallet A, Ouellette M, Strain P (2006) Indicators and Thresholds for Use in 
Assessing Shellfish Aquaculture Impacts on Fish Habitat. Ottawa, ON 
Cranford PJ, Dowd M, Grant J (2003) Ecosystem level effects of marine bivalve 
aquaculture. Can Tech Reports Fish Aquat Sci 2450:51–96 
Cranford PJ, Duarte P, Robinson SMC, Fernández-Reiriz MJ, Labarta U (2014) 
Suspended particulate matter depletion and flow modification inside mussel 
(Mytilus galloprovincialis) culture rafts in the Ría de Betanzos, Spain. J Exp Mar 
Bio Ecol 452:70–81 
Cranford PJ, Hargrave BT, Doucette LI (2009) Benthic organic enrichment from 
suspended mussel (Mytilus edulis) culture in Prince Edward Island, Canada. 
Aquaculture 292:189–196 
Cranford PJ, Hill PS (1999) Seasonal variation in food utilization by the suspension-
feeding bivalve molluscs Mytilus edulis and Placopecten magellanicus. Mar Ecol 
Prog Ser 190:223–239 
Cranford PJ, Li W, Strand Ø, Strohmeier T (2008) Phytoplankton depletion by mussel 
aquaculture: high resolution mapping, ecosystem modeling and potential indicators 
of ecological carrying capacity. In: International Council for the Exploration of the 
Seas. Copenhangen 
References 
 
172 
 
Cranford PJ, Strain PM, Dowd M, Hargrave BT, Grant J, Archambault M (2007) 
Influence of mussel aquaculture on nitrogen dynamics in a nutrient enriched coastal 
embayment. Mar Ecol Prog Ser 347:61–78 
Crespo BG, Espinoza-González O, Teixeira IG, Castro CG, Figueiras FG (2011) 
Possible mixotrophy of pigmented nanoflagellates: Microbial plankton biomass, 
primary production and phytoplankton growth in the NW Iberian upwelling in 
spring. Estuar Coast Shelf Sci 94:172–181 
Crespo BG, Espinoza-González O, Teixeira IG, Castro CG, Figueiras FG (2012) 
Structure of the microbial plankton community in the NW Iberian margin at the end 
of the upwelling season. J Mar Syst 95:50–60 
Crespo BG, Figueiras FG, Groom S (2007) Role of across-shelf currents in the dynamics 
of harmful dinoflagellate blooms in the northwestern Iberian upwelling. Limnol 
Oceanogr 52:2668–2678 
Cushing DH (1989) A difference in structure between ecosystems in strongly stratified 
waters and in those that are only weakly stratified. J Plankton Res 11:1–13 
Dahlbäck B, Gunnarsson LÅH (1981) Sedimentation and sulfate reduction under a 
mussel culture. Mar Biol 63:269–275 
Dame RF (1993) Bivalve Filter Feeders in Estuarine and Coastal Ecosystems Processes. 
NATO ASI Series 33. 
Dame RF (1996) Ecology of marine bivalves: an ecosystem approach. CRC Press, Boca 
Raton, FL 
Dupuy C, Vaquer A, Lam-Hoai T, Rougier C, Mazouni N, Lautier J, Collos Y, Gall S Le 
(2000) Feeding rate of the oyster Crassostrea gigas in a natural planktonic 
community of the Mediterranean Thau Lagoon. Mar Ecol Prog Ser 205:171–184 
                                                                                                                                                    References  173 
 
173 
 
Eissler Y, Quiñones RA (1999) Microplanktonic respiration off northern Chile during El 
Niño 1997–1998. J Plankton Res 21:2263–2283 
Eppley RW, Peterson BJ (1979) Particulate organic matter flux and planktonic new 
production in the deep ocean. Nature 282:677–680 
Erga SR (1989) Ecological studies on the phytoplankton of Boknafjorden, western 
Norway: II. Environmental control of photosynthesis. J Plankton Res 11:785–812 
Espinoza-González O, Figueiras FG, Crespo BG, Teixeira IG, Castro CG (2012) 
Autotrophic and heterotrophic microbial plankton biomass in the NW Iberian 
upwelling: seasonal assessment of metabolic balance. Aquat Microb Ecol 67:77–89 
FAO. 2014. The State of World Fisheries and Aquaculture 2014. Rome. 223 pp. 
Fenchel T (1988) Marine Plankton Food Chains. Annu Rev Ecol Syst 19:19–38 
Feng YY, Hou LC, Ping NX, Ling TD, Kyo CI (2004) Development of mariculture and 
its impacts in Chinese coastal waters. Rev Fish Biol Fish 14:1–10 
Fermín EG, Figueiras FG, Arbones B, Villarino ML (1996) Short-time scale 
development of a Gymnodinium catenatum population in the Ría de Vigo (NW 
Spain). J Phycol 32:212–221 
Fernández-Reiriz MJ, Labarta U, Babarro JMF (2001) Relaciones funcionales del 
comportamiento alimentario del mejillón (Mytilus galloprovincialis) en relación al 
seston natural en las rías gallegas. In: Fernández Pato. CA et al. Eds. Acuicultura y 
Desarrollo Sostenible. Consejería de Ganadería, Agricultura y Pesca. Santander. 
296–300 
Fernández-Reiriz MJ, Range P, Álvarez-Salgado XA, Espinosa J, Labarta U (2012) 
Tolerance of juvenile Mytilus galloprovincialis to experimental seawater 
acidification. Mar Ecol Prog Ser 454:65–74 
References 
 
174 
 
Figueiras FG, Jones KJ, Mosquera AM, Álvarez-Salgado XA, Edwards A, MacDougall 
N (1994) Red tide assemblage formation in an estuarine upwelling ecosystem: Ría 
de Vigo. J Plankton Res 16:857–878 
Figueiras FG, Labarta U, Fernández-Reiriz MJ (2002) Coastal upwelling, primary 
production and mussel growth in the Rías Baixas of Galicia. Hydrobiologia 
484:121–131 
Figueiras FG, Ríos AF (1993) Phytoplankton succession, red tides and the hydrographic 
regime in the Rías Baixas of Galicia. In: Smayda TJ, Shimizu Y (eds) Toxic 
Phytoplanton Blooms in the Sea. New York, p 239–244 
Figueiras FG, Zdanowski M, Crespo BG (2006) Spatial variability in bacterial 
abundance and other microbial components in the NW Iberian margin during 
relaxation of a spring upwelling event. Aquat Microb Ecol 43:255–266 
Filgueira R, Labarta U, Fernández-Reiriz MJ (2006) Flow-through chamber method for 
clearance rate measurements in bivalves: design and validation of individual 
chambers and mesocosm. Limnol Oceanogr Methods 4:284–292 
Filgueira R, Labarta U, Fernández-Reiriz MJ (2008) Effect of condition index on 
allometric relationships of clearance rate in Mytilus galloprovincialis Lamarck. Rev 
Biol Mar Oceanogr 43:391–398 
Flynn KJ, Stoecker DK, Mitra A, Raven JA, Glibert PM, Hansen PJ, Granéli E, 
Burkholder JM (2012) Misuse of the phytoplankton-zooplankton dichotomy: The 
need to assign organisms as mixotrophs within plankton functional types. J Plankton 
Res 35:3–11 
Fowler SW, Knauer GA (1986) Role of large particles in the transport of elements and 
organic compounds through the oceanic water column. Prog Oceanogr 16:147–194 
                                                                                                                                                    References  175 
 
175 
 
Fraga F (1981) Upwelling off the Galician coast, Northwest Spain. In: Richard F (ed) 
Coastal upwelling series. Washington, DC, p 176–182 
García-Gil S (2003) A natural laboratory for shallow gas: The Rías Baixas (NW Spain). 
Geo-Marine Lett 23:215–229 
Gibbs MT (2007) Sustainability performance indicators for suspended bivalve 
aquaculture activities. Ecol Indic 7:94–107 
Giles H, Pilditch CA (2004) Effects of diet on sinking rates and erosion thresholds of 
mussel Perna canaliculus biodeposits. Mar Ecol Prog Ser 282:205–219 
Giles H, Pilditch CA, Bell DG (2006) Sedimentation from mussel (Perna canaliculus) 
culture in the Firth of Thames, New Zealand: Impacts on sediment oxygen and 
nutrient fluxes. Aquaculture 261:125–140 
Granéli E, Olsson P, Carlsson P, Granéli W, Christer N (1993) Weak “top-down” control 
of dinoflagellate growth in the coastal Skagerrak. J Plankton Res 15:213–237 
Hansen HP, Grasshoff K (1983) Automated chemical analysis. In: Grasshoff K, Ehrhardt 
M, Kremling K (eds) Methods of Seawater Analysis. Verlag Chemie, Weinheim. 
Verlag Chemie, Weinheim, p 347–379 
Hawkins A, Bayne BL (1985) Seasonal variation in the relative utilization of carbon and 
nitrogen by the mussel Mytilus edulis: budgets, conversion efficiencies and 
maintenance requirements. Mar Ecol Prog Ser 25:181–188 
Heasman KG, Pitcher GC, McQuaid CD, Hecht T (1998) Shellfish mariculture in the 
Benguela system: raft culture of Mytilus galloprovincialis and the effect of rope 
spacing on food extraction, growth rate, production, and condition of mussels. J 
Shellfish Res 17:33–39 
References 
 
176 
 
Hillebrand H, Dürselen C-D, Kirschtel D, Pollingher U, Zohary T (1999) Biovolume 
calculation for pelagic and benthic microaelgae. J Phycol 35:403–424 
Hitchcock GL, Vargo GA, Dickson M-L (2000) Plankton community composition, 
production and respiration in relation to dissolved inorganic carbon on the West 
Florida, April 1996. J Geophys Res 105:6579–6589 
Iriarte JL, González HE (2004) Phytoplankton size structure during and after the 1997/98 
El Niño in a coastal upwelling area of the northern Humboldt Current System. Mar 
Ecol Prog Ser 269:83–90 
Jansen HM, Strand Ø, Verdegem M, Smaal A (2012) Accumulation, release and turnover 
of nutrients (C-N-P-Si) by the blue mussel Mytilus edulis under oligotrophic 
conditions. J Exp Mar Bio Ecol 416-417:185–195 
Jaramillo E, Bertran C, Bravo A (1992) Mussel biodeposition in an estuary in southern 
Chile. Mar Ecol Prog Ser 82:85–94 
Jonsson A, Nielsen TG, Hrubenja I, Maar M, Petersen JK (2009) Eating your competitor: 
Functional triangle between turbulence, copepod escape behavior and predation 
from mussels. Mar Ecol Prog Ser 376:143–151 
Kautsky N, Evans S (1987) Role of biodeposition by Mytilus edulis in the circulation of 
matter and nutrients in a Baltic coastal ecosystem. Mar Ecol Prog Ser 38:201–212 
Kiørboe T, Hansen JLS (1993) Phytoplankton aggregate formation: Observations of 
patterns and mechanisms of cell sticking and the significance of exopolymeric 
material. J Plankton Res 15:993–1018 
Kiørboe T, Tiselius P, Mitchell-Innes B, Hansen JLS, Visser AW, Mari X (1998) 
Intensive aggregate formation with low vertical flux during an upwelling-induced 
diatom bloom. Limnol Oceanogr 43:104–116 
                                                                                                                                                    References  177 
 
177 
 
Klaveness D (1990) Size structure and potential food value of the plankton community to 
Ostrea edulis L. in a traditional Norwegian “Østerspoll.” Aquaculture 86:231–247 
Kranck K, Milligan TG (1988) Macroflocs from diatoms: in situ photography of particles 
in Bedford Basin, Nova Scotia. Mar Ecol Prog Ser 44:183–189 
Kreeger DA, Newell RIE (2001) Seasonal utilization of different seston carbon sources 
by the ribbed mussel, Geukensia demissa (Dillwyn) in a mid-Atlantic salt marsh. J 
Exp Mar Bio Ecol 260:71–91 
La Rosa T, Mirto S, Favaloro E, Savona B, Sará G (2002) Impact on the water column 
biogeochemistry of a mussel and fish farm Water Res 36:713–721 
Labarta U (1999) La Acuicultura en Galicia. A Economía Galega. Ser Inf Anuais no 13, 
Inf 1997/1998 Inst Desarroll Galicia, Univ Santiago – Fund Caixa Galicia 
Labarta U (2000) La Acuicultura en Galicia. A Economía Galega. Ser Inf Anuais no 14, 
Inf 1998/1999 Fund Caixa Galicia CIEF Cent Investig Económica y Financ 
Labarta U, Fernández-Reiriz MJ, Pérez-Camacho A, Pérez Corbacho E (2004) Bateeiros, 
Mar, Mejillón. Una Perspectiva Bioeconómica. (CDIEYFFCGE GALAXIA, Ed.). 
Fundación Caixagalicia, Santiago de Compostela, ISBN 84-95491-69-9, Fundación 
Caixa Galicia, Santiago de Compostela 
Lamarck JB (1819) Histoire naturelle des animaux sans vertèbres. 6. Paris. 343p 
Lancelot C (1983) Factors affecting phytoplankton extracellular release in the Southern 
Bight of the North Sea. Mar Ecol Prog Ser 12:115–121 
Larsen J, Sournia A (1991) The diversity of heterotrophic dinoflagellates. In: Patterson; 
D, Larsen J (eds) The biology of free-living heterotrophic flagellates. Oxford 
University Press, New York, p 313–332 
References 
 
178 
 
Lassiter AM, Wilkerson FP, Dugdale RC, Hogue VE (2006) Phytoplankton assemblages 
in the CoOP-WEST coastal upwelling area. Deep Sea Res Part II 53:3063–3077 
Laws EA (1991) Photosynthetic quotients, new production and net community 
production in the open ocean. Deep Sea Res 38:143–167 
Lee S, Fuhrman JA (1987) Relationships between Biovolume and Biomass of Naturally 
Derived Marine Bacterioplankton. Appl Environ Microbiol 53:1298–1303 
Legendre L, Le Févre J (1989) Hydrodynamical singularities as control of recycled 
versus export production in oceans. In: Berger WH, Smetaced VSY, Wefer G (eds) 
Productivity of the Ocean: Present and Past. John Wiley and Sons, New York, USA., 
p 49–63 
Legendre L, Rassoulzadegan F (1995) Plankton and nutrient dynamics in marine waters. 
Ophelia 41:153–170 
León I, Méndez G, Rubio B (2004) Fases geoquímicas del Fe y grado de piritización en 
sedimentos de la Ría de Pontevedra (NO de España): Implicaciones del cultivo del 
mejillón en bateas. Geochemical phases of Fe and degree of pyritization in 
sediments from Ría de Pontevedra (NW Spain). Ciencias Mar 30:585–602 
Lessard EJ, Swift E (1986) Dinoflagellates from the North Atlantic classified as 
phototrophic or heterotrophic by epifluorescence microscopy. J Plankton Res 
8:1209–1215 
López-Jamar E (1978) Macrobentos infaunal de la Ría de Pontevedra. Bol Inst Español 
Oceanogr 4:111–130 
Lorenzo LM, Arbones B, Tilstone GH, Figueiras FG (2005) Across-shelf variability of 
phytoplankton composition, photosynthetic parameters and primary production in 
the NW Iberian upwelling system. J Mar Syst 54:157–173 
                                                                                                                                                    References  179 
 
179 
 
Maar M, Nielsen TG, Petersen JK (2008) Depletion of plankton in a raft culture of 
Mytilus galloprovincialis in Ría de Vigo, NW Spain. II. Zooplankton. Aquat Biol 
4:127–141 
Macías F, Fernández de Landa JLA, Calvo R (1991) Composición química y 
mineralógica de biodepósitos bajo bateas de mejillón. Datos para la evaluación de 
su uso como fertilizante y/o enmendante de suelos de Galicia. Thalassas 9:23–29 
Malone TC (1980) Size-Fractionated Primary Productivity of Marine Phytoplankton. In: 
Falkowski PG (ed) Primary Productivity in the Sea. Plenum, New York, p 301–319 
Margalef R (1978) Life-forms of phytoplankton as survival alternatives in an unstable 
environment. Oceanol Acta 1:493–509 
Margalef R, Andreu B (1958) Componente vertical de los movimientos del agua en la ría 
de Vigo y su posible relación con la entrada de sardina. Investig Pesq 11:105–126 
Mckindsey CW, Archambault P, Callier MD (2011) Influence of suspended and off-
bottom mussel culture on the sea bottom and benthic habitats: a review. Can J Zool 
89:622–646 
Moncoiffé G, Álvarez-Salgado XA, Figueiras FG, Savidge G (2000) Seasonal and short-
time-scale dynamics of microplankton community production and respiration in an 
inshore upwelling system. Mar Ecol Prog Ser 196:111–126 
Montecino V, Astoreca R, Alarcón G, Retamal L, Pizarro G (2004) Bio-optical 
characteristics and primary productivity during upwelling and non-upwelling 
conditions in a highly productive coastal ecosystem off central Chile (36°S). Deep 
Res II 51:2413–2426 
 
References 
 
180 
 
Morel A, Antoine D, Babin M, Dandonneau Y (1996) Measured and modeled primary 
production in the northeast Atlantic (EUMELI JGOFS program): The impact of 
natural variations in photosynthetic parameters on model predictive skill. Deep Sea 
Res Part I 43:1273–1304 
Mouriño C, Fraga F (1985) Determinación de nitratos en agua de mar. Investig Pesq 
49:81–96 
Navarro E, Iglesias JIP (1993) Infaunal Filter-Feeding Bivalves and the Physiological 
Response to Short-Term Fluctuations in Food Availability and Composition. In: 
Dame RF (ed) Bivalve Filter Feeders. Ecol Sci 33. NATO ASI Series Springer, New 
York, NY, p 25–56 
Navarro E, Iglesias JIP, Pérez-Camacho A, Labarta U, Beiras R (1991) The 
physiological energetics of mussels (Mytilus galloprovincialis Lmk) from different 
cultivation rafts in the Ria de Arosa (Galicia, NW Spain). Aquaculture 94:197–212 
Newell RIE (2004) Ecosystem influences of natural and cultivated populations of 
suspension-feeding bivalve molluscs: a review. J Shellfish Res 23:51–61 
Newell CR, Richardson J (2014) The Effects of Ambient and Aquaculture Structure 
Hydrodynamics on the Food Supply and Demand of Mussel Rafts. J Shellfish Res 
33:257–272 
Nizzoli D, Welsh DT, Fano EA, Viaroli P (2006) Impact of clam and mussel farming on 
benthic metabolism and nitrogen cycling, with emphasis on nitrate reduction 
pathways. Mar Ecol Prog Ser 315:151–165 
Nogueira E, Pérez FF, Ríos AF (1997) Seasonal patterns and long-term trends in an 
estuarine upwelling ecosystem (Ría de Vigo, NW Spain). Estuar Coast Shelf Sci 
44:285–300 
                                                                                                                                                    References  181 
 
181 
 
Norén F, Haamer J, Lindahl O (1999) Changes in the plankton community passing a 
Mytilus edulis mussel bed. Mar Ecol Prog Ser 191:187–194 
Odum HT (1956) Primary production in flowing waters. Limnol Oceanogr 1:102–117 
Ogilvie SC, Ross AH, Schiel DR (2000) Phytoplankton biomass associated with mussel 
farms in Beatrix Bay, New Zealand. Aquaculture 181:71–80 
Olli K, Wexels Riser C, Wassmann P, Ratkova T, Arashkevich E, Pasternak A (2001) 
Vertical flux of biogenic matter during a Lagrangian study off the NW Spanish 
continental margin. Prog Oceanogr 51:443–466 
Olsson P, Graneli E, Carlsson P, Abreu P (1992) Structuring of a post spring 
phytoplankton community by manipulation of trophic interactions. J Exp Mar Bio 
Ecol 158:249–266 
Otero XL, Calvo De Anta RM, Macías F (2006) Sulphur partitioning in sediments and 
biodeposits below mussel rafts in the Ría de Arousa (Galicia, NW Spain). Mar 
Environ Res 61:305–325 
Otero XL, Vidal-Torrado P, Calvo De Anta RM, Macías F (2005) Trace elements in 
biodeposits and sediments from mussel culture in the Ría de Arousa (Galicia, NW 
Spain). Environ Pollut 136:119–134 
Pan JF, Wang WX (2004) Differential uptake of dissolved and particulate organic carbon 
by the marine mussel Perna viridis. Limnol Oceanogr 49:1980–1991 
Pauly D, Christensen V (1995) Primary production required to sustain global fisheries. 
Nature 374:255–257 
Pérez-Camacho A, González R, Fuentes J (1991) Mussel culture in Galicia (NW Spain). 
Aquaculture 94:263–278 
References 
 
182 
 
Pérez-Camacho A, Labarta U, Beiras R (1995) Growth of mussels (Mytilus edulis 
galloprovincialis) on cultivation rafts: influence of seed source, cultivation site and 
phytoplankton availability. Aquaculture 138:349–362 
Pérez-Camacho A, Labarta U, Navarro E (2000) Energy balance of mussels Mytilus 
galloprovincialis: the effect of length and age. Mar Ecol Prog Ser 199:149–158 
Pérez-Camacho A, Labarta U, Vinseiro V, Fernández-Reiriz MJ (2013) Mussel 
production management: Raft culture without thinning-out. Aquaculture 406-
407:172–179 
Petersen JK, Nielsen TG, Duren L van, Maar M (2008) Depletion of plankton in a raft 
culture of Mytilus galloprovincialis in Ría de Vigo, NW Spain. I. Phytoplankton. 
Aquat Biol 4:113–125 
Pilskaln CH, Paduan JB, Chavez FP, Anderson RY, Berelson WM (1996) Carbon export 
and regeneration in the coastal upwelling system of Monterey Bay, central 
California. J Mar Res 54:1149–1178 
Pitcher GC, Figueiras FG, Hickey BM, Moita MT (2010) The physical oceanography of 
upwelling systems and the development of harmful algal blooms. Prog Oceanogr 
85:5–32 
Plus M, Jeunesse I La, Bouraoui F, Zaldívar JM, Chapelle A, Lazure P (2006) Modelling 
water discharges and nitrogen inputs into a Mediterranean lagoon: Impact on the 
primary production. Ecol Modell 193:69–89 
Pomeroy LR (1974) The ocean’s food web, a changing paradigm. Bioscience 24:499–
504 
Porter KG, Feig YS (1980) The use of DAPI for identifying aquatic microfloral. Limnol 
Oceanogr 25:943–948 
                                                                                                                                                    References  183 
 
183 
 
Prins TC, Smaal AC, Dame RF (1997) A review of the feedbacks between bivalve 
grazing and ecosystem processes. Aquat Ecol 31:349–359 
Putt M, Stoecker DK (1989) An experimentally determined carbon : volume ratio for 
marine “oligotrichous” ciliates from estuarine and coastal waters. Limnol Oceanogr 
34:1097–1103 
Richard M, Archambault P, Thouzeau G, Desrosiers G (2007) Summer influence of 1 
and 2 yr old mussel cultures on benthic fluxes in Grande-Entrée lagoon, Îles-de-la-
Madeleine (Québec, Canada). Mar Ecol Prog Ser 338:131–143 
Riemann B, Simonsen P, Stensgaard L (1989) The carbon and chlorophyll content of 
phytoplankton from various nutrient regimes. J Plankton Res 11:1037–1045 
Ríos AF, Nombela MA, Pérez FF, Rosón G, Fraga F (1992) Calculation of runoff to an 
estuary. Ría de Vigo. Sci Mar 56:29–33 
Roditi HA, Fisher NS, Sanudo-Wilhelmy SA (2000) Uptake of dissolved organic carbon 
and trace elements by zebra mussels. Nature 407:78–80 
Rodrı́guez F, Pazos Y, Maneiro J, Zapata M (2003) Temporal variation in phytoplankton 
assemblages and pigment composition at a fixed station of the Rıá of Pontevedra 
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AC: integrated autotrophic carbon biomass 
AE: absorption efficiency 
AMP: autotrophic microplankton 
ANF: autotrophic nanoflagellates 
ANP: autotrophic nanoplankton 
APF: autotrophic eukaryotic picoflagellates 
APP: autotrophic picoplankton 
AUT: autumn 
chl a: chlorophyll a 
Cbiodep: biodeposits carbon 
CI: condition index 
CNH: carbon, nitrogen, hydrogen 
Cphyto: phytoplankton carbon 
CR: clearance rate 
CR: community respiration 
DO: dissolved oxygen  
DOC: dissolved organic carbon 
DON: dissolved organic nitrogen 
List of abbreviations and acronyms 
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ENACW: Eastern North Atlantic Central Water 
GPP: gross primary production 
HB: heterotrophic bacteria 
HC: integrated heterotrophic carbon biomass 
HCil: heterotrophic ciliates 
HD: heterotrophic dinoflagellates 
HMP: heterotrophic microplankton 
HNF: heterotrophic nanoflagellates 
HNP: heterotrophic nanoplankton 
HPF: heterotrophic eukaryotic picoflagellates 
HPP: heterotrophic picoplankton 
Micro: microplankton 
Nano: nanoplankton 
NCP: net community production 
OIR: organic ingestion rate 
PC: microbial plankton carbon 
Pico: picoplankton 
POC: particulate organic carbon 
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PON: particulate organic nitrogen 
POM: particulate organic matter 
PP: primary production 
PQ: photosynthetic quotient 
RAFTING: Impact of mussel raft culture on the benthic-pelagic coupling in a 
Galician Ría 
RaS: Raft station 
ReS: Reference station 
SPM: suspended particulate matter 
SPR: spring 
SUM: summer 
Synech: Synechococcus 
TC: integrated total microbial plankton carbon biomass  
VNH4
+
-N: ammonium excretion rate 
VO2: Oxygen uptake rates 
WIN: winter 
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